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Abstract 
 
Grade 91 steel has been extensively used for high temperature since it was introduced in the 
1980s. However, as the 9%Cr material is relatively new, there is limited experimental data 
and understanding with respect to quantifying the effect of variables, for example service 
exposure, on life prediction and long-term behaviour, in particularly weldment. Many 
incidents reported about premature weld failures of Grade 91 steel suggest that the design 
standards and guidelines may be non-conservative for the pressure vessels and piping 
made of Grade 91 steel. Furthermore, Grade 91 welds are also known to be prone to Type 
IV cracking, leading to premature failure controlled by creep crack growth (CCG). 
 
A comprehensive literature review was carried out and extensive data is collected. This 
includes data for a different range of steel materials at different creep temperatures and test 
stress which in turn provided a range of test durations from a few hundred hours to several 
thousand hours (ie >60,000 hours) but with the main focus of the analyses remaining on 
Grade 91. The NSW based creep crack growth model is found to be capable of predicting 
upper/lower bounds of creep crack growth well for Grade 91 when data is obtained from 
relatively short to medium-term laboratory experiments (< 10,000 hours). It is also found that 
the extrapolation of the model fails to predict the long-term creep crack propagation rates 
unless the actual long-term uniaxial creep data is available. 
 
Two types of creep testing are performed in this study to investigate the creep behaviour of 
Grade 91 steel over a range of stresses on the basis of continuum damage mechanics and 
fracture mechanics: Uniaxial creep and CCG. For each type of testing, creep deformation 
behaviour and CCG characteristics in different microstructures (parent metal, weld metal and 
HAZ) are investigated. The same tests are performed on as-received and service exposed 
Grade 91 steel to provide the relevant data to be used for the NSW prediction model. In both 
uniaxial and CCG experiments, the weldment (ie weld metal and HAZ) exhibits a lower creep 
resistance compared to the parent material. In the CCG experiments, the  
ex-service material exhibits a faster growth rate compared to the as-received material in the 
similar range of C*. Based on the test results, the relevant parameters to describe creep 
strength and CCG are established. The results of the analyses of short-term and long-term 
creep data from the literature indicate a change in the creep exponent and failure strain at 
longer creep lives. The creep failure strain also tends to diminish with a decrease in the 
applied stress. 
 
  
To investigate the microstructure of the steel before and after the creep test and to also 
understand the failure mode and the location in the uniaxial and CCG tests, metallography 
was carried out. One sample from both service exposed and as-received steel before any 
creep test as well as one uniaxial and one CCG specimen from each material (four in total) 
after creep tests were selected for examination. Both service exposed and as-received 
steels showed tempered martensite microstructure with cavities observed in the service 
exposed material before the test. The analyses of creep uniaxial samples after the test 
exhibit Type IV failure tendency in the as-received material compared to the service exposed 
steel where failure occurred mainly at or adjacent to the weld. With regards to the CT 
specimen, in a similar way the crack path in the as-received HAZ sample followed outer 
region of HAZ (ie. Type IV) whereas the crack path in the service exposed sample showed 
tendency to grow along the fusion line. This may be due to faster ageing process of the weld 
metal compared with HAZ and parent material when exposed to high temperature. 
 
The experimental results obtained above together with the database compiled from the 
literature survey are then used, in conjunction with the NSW model, to predict the CCG of 
Grade 91 steel. It is found that the appropriate failure strain under multi-axial stress state can 
be estimated by extrapolating the secondary strain to the failure time rather than the final 
failure strain. Using the extrapolated uniaxial failure strain data at the lower shelf (low stress) 
region and a reduced creep index at long terms, conservative CCG predictions have been 
made by the NSW model. For C* values of 10-5MJ/m2h and less, cracking is predicted to be 
relatively faster compared to the extrapolated short-term CCG data trend. It is found that the 
assumption of lower failure strains and reduced creep indices effectively produce a safe 
prediction for CCG using the NSW model for long-term behaviour. However, the level of 
conservatism increases depending on the use of uniaxial failure strains or the 
Monkman-Grant (MMG) failure strain or in the extreme 0.2% failure strain as the lower shelf 
data. The correct level of conservatism can only be determined once actual long-term CCG 
data are available. 
 
Following the analysis, a prototype model was developed based on risk-based life 
assessment (RBLA) integrity management concept using data presented in this thesis for 
Grade 91 piping material. Estimating remaining life based on the material limit state equation, 
assessing the risk associated with creep damage and making recommendations on the most 
effective mitigation plan were the main area of assessment treated in the RBLA model. In 
this study, four reported Grade 91 weld failure investigations have been compared to the 
assessment result from RBLA. The result was found to be similar to what the failure 
  
investigation reported, however it should be noted that when applying the risk concept, the 
target risk (or target probability) plays a crucial role compared to a deterministic analysis. 
 
The work done on failure cases and the comparison with models developed in this thesis 
demonstrated that to achieve a reliable conservative result for longer-term CCG assessment, 
the effect of lower creep ductility due to long-term exposure together with MMG approach to 
determine a lower band failure strain should be taken into consideration. Where crack 
growth data was available from the failure investigation report, a comparison with the finding 
from the investigation was made with the long-term NSW model which was developed in this 
work. The result indicated a good agreement with finding from the failure investigation report 
and falls in the scatter band predicted from the model. 
 
It could be concluded that the optimum approach to predict the short-term and especially 
long-term creep and CCG behaviour of Grade 91 weldment is a probabilistic method as the 
level of uncertainty is relatively high in material properties those contributing to failure. 
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1 
Chapter 1 Introduction 
 
1.1 Background 
Modified 9Cr–1Mo alloy, known as Grade 91 steel, has been used extensively for high 
pressure and temperature piping and headers in conventional power plants mainly in 
the outlet section of the boiler such as final superheater and also main steam piping 
which are subject to creep damage [1]. The weld of Grade 91 material could be the 
weakest link in the structure and would need to have validated laboratory data 
available in order to make meaningful life assessment predictions. However, evidence 
from premature weld failures in Grade 91 steel, together with long-term data on cross-
weld samples, now suggests that design standards and guidelines may be non-
conservative for Grade 91 welded pressure vessels and piping. Incidences of cracking 
in Grade 91 welds have been reported in times significantly less than 100,000 hours 
leading to safety and reliability concerns worldwide. Old grades of creep resistant 
materials such as P11 and P22 have been studied in depth and data and models are 
available for design and fitness-for-service assessment of creep rupture, creep crack 
growth, thermo-mechanical fatigue, etc. However, as the 9%Cr material is relatively 
new, there is limited data and understanding with respect to quantifying the effect of 
variables on life prediction of components fabricated from Grade 91 (ie effects due to 
different constraint, service exposure, microstructure, residual stress etc.) and long-
term behaviour of this material specifically on weldment. 
 
 High Temperature Component Life Assessment  1.1.1
The creep life of most components is conventionally characterised by a continuum 
damage mechanism mechanic (CDM) where failure is controlled by either creep 
rupture or creep strain failure mode. In a simple approach, the damage parameter D is 
zero for material containing no damage and unity when failure takes place. From a 
thermodynamic point of view, D is an internal variable of an irreversible damage 
process. Generally, a creep process includes three stages (which are extensively 
discussed in Chapter 2). Creep damage takes place mainly during the third stage of 
creep and the damage can be defined as follows: 
 
ܦ ൌ 1 െ ቀఌሶ ೞೞఌሶ ೟೎ቁ
ଵ ௡ൗ
 (1.1-1) 
 
2 
Where έss is a creep strain rate at secondary stage, έtc is a creep strain rate at tertiary 
stage and n is a creep exponent at the temperature. From a uniaxial stress-controlled 
creep test, the strain rates of the second and third stages of creep can be obtained and 
the damage at any time during the third creep stage can be obtained from 
Equation 1.1-1. Many tests have proved that the creep strain always increases with the 
time elapsing. The strain rate of the third stage is always greater than the strain rate of 
second stage. Therefore, the ratio of the two strain rates in Equation 1.1-1 is positive, 
and D is less 1. Damage may also be related to the variation in density, resistivity, or 
other material properties [2-3]. 
 
Creep crack initiation (CCI) and growth (CCG) in some cases tend to dominate the total 
life of the component [4]. Examples of this situation include components containing 
fabricating flaws or thick components such as headers, high pressure/temperature 
piping and body of the high temperature hydro processing reactors and locations with 
tri-axial stress state. 
 
In both power generation plants and the chemical industries there is, therefore, a need 
to assess the significance of defects which may exist in high temperature equipment 
operating in the creep regime. With further understanding of creep crack growth 
behaviour and improvements in Non-Destructive Examination (NDE) methods, fracture 
mechanics assessment approach is increasingly being used. This method assumes the 
presence of a crack of finite size in a component and then evaluates its propagation 
due to creep to determine the remaining life of the component. This approach is also 
widely used for fitness for service assessment of components known to contain crack-
like flaws. Several design and assessment procedures are available for CCG 
assessment such as British Energy R5, ASME/API RP 579, BS 7910, French RCC-MR 
(Appendix 16) etc. [5-8]. 
 
 Challenges with Long-Term Service Exposure 1.1.2
When a defect (ie a crack-like flaw) is present in a component, remaining life 
assessment methodologies, such as creep, fatigue or creep-fatigue analysis, are 
required to obtain a set of laboratory test data such as creep strain/ductility and creep 
crack growth rate. This life evaluation needs a higher level of accuracy of relevant data 
compared to the design stage as a pessimistic analysis may lead to an unnecessary 
interruption in plant operation and on the other hand, an underestimation, may result in 
a catastrophic failure with safety and business consequences. This type of assessment 
3 
usually relies on laboratory test data which are generally collected in an accelerated 
damage propagating condition by increasing key test parameters such as stress or 
temperature to a higher value than actual service condition and then extrapolating the 
results to the service condition. Complications with the extrapolation are not well 
understood and the concern is that it could potentially result in non-conservative 
prediction. This work also aims to evaluate the effect of this extrapolation in CCG 
predictive models by using the short and long-term laboratory test data. The results are 
then compared with a proposed incremental failure strain approach based on long-term 
creep ductility trends to optimise the level of conservatism in the extrapolation process. 
 
 Dealing with Uncertainties and Decision Making in the Life 1.1.3
Assessment 
On the other hand, plant operators are under increasing pressure to minimise life cycle 
costs whilst maintaining availability targets and safety compliance. Risk-based 
approaches have grown out of this industry need. In this method, a probabilistic 
approach is taken towards the assessment of the life of the component against specific 
damage mechanism (here creep). The probabilistic method deals with the uncertainty 
in the influential parameter which contributes to the failure by creep. This will provide a 
probability of failure which then is combined with the failure consequences (ie financial 
damage, safety issues) to provide a risk value. There is a strong demand that these 
approaches should integrate cost analyses. Engineers faced with run-repair-replace 
decisions do not normally make themselves heard in financial terms. However, by 
defining risks and through the introduction of risk-mitigation measures (eg improved 
inspection, timely repairs, etc) it is possible through a RBLA to set inspection and 
maintenance plans in order to obtain maximum value from the associated budgets. 
 
Owing to weld integrity issues and high capital cost, Grade 91 steam piping is an area 
which will benefit from such an approach. 
 
1.2 Objectives 
This research work aims to obtain (and in lesser extent generate) the uniaxial creep 
and CCG data for as-received and service exposed welded Grade 91 parent material 
and weldment to validate and improve the existing evaluation models including uniaxial 
and CCG predictive model, known as NSW model to predict the long-term behaviour of 
4 
uncracked and cracked component operating in elevated temperature service condition. 
To facilitate the above requirement, the following objectives are considered:  
 
 Review existing methods to predict creep damage and creep crack growth and 
assess their validity and applicability to Grade 91 welded steel at elevated 
temperature and long-term service duration. 
 Collect the relevant short-term and long-term uniaxial creep data for Grade 91 and 
a series of advanced steels from the literature to identify the effects of service life 
and level of stress on the material behaviour. 
 Carry out uniaxial creep and CCG tests for as-received and service exposed Grade 
91 parent materials, cross-weld and weldment to understand the effect of service 
exposure to Grade 91 steels. 
 Develop prototype deterministic and probabilistic creep life assessment software for 
assessing Grade 91 parent and weld metals. 
 To provide an understanding of long-term CCG of Grade 91 and determine the 
most appropriate long term creep and crack growth prediction models for Grade 91 
parent and weld metals by validating NSW model using the data generated. 
 
1.3 Summary of Work Carried Out 
A comprehensive literature review was carried out in two phases; the first one focused 
on the general review of material deformation behaviour and fracture mechanics 
concepts in high temperature such as analytical evaluation of C*, CCG predictive 
models, etc. During the second phase, the review focused on examining all the 
published experimental and analytical work on CCG of Grade 91 based metal and 
weldment and collecting the relevant CCG data [9]. 
 
The experimental work was mainly composed of two parallel activities: the uniaxial 
creep tests on specimens manufactured from weldment, cross weld and parent 
material of as-received and service exposed Grade 91 materials CCG tests using the 
same materials. Metallographic investigation was also carried out to understand the 
mode of failure and the effect of microstructures.  
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A database was also created by collecting the uniaxial creep properties of a series of 
advanced steels, to analyse the long-term creep behaviour of material. These long and 
short-term creep uniaxial data were then used in the CCG predictive models to 
evaluate the effect of extrapolation of CCG test results, which are usually collected in 
high value of C*, to longer-term service condition which is equivalent to lower C* values 
[10]. 
 
An algorithm was developed followed by a prototype tool to acquire all the data and 
formalise the procedure to conduct a probabilistic remaining life assessment of Grade 
91 weldment. Industry reported failure cases were then validated against this algorithm 
and the results are presented in this thesis. Where crack growth data was available 
from the failure investigation report, a comparison with the finding from the 
investigation was made with the long-term NSW model which was developed in this 
work. 
 
1.4 Structure of the thesis 
This thesis contains one abstract and ten chapters including the current chapter which 
provides some background to the work. Also three appendices provide further 
information on the data and software outputs. 
 
Chapter 2 is a review of material deformation behaviour mainly at elevated temperature. 
This chapter consists of two main parts; firstly, the review focuses on the uniaxial 
deformation at room and elevated temperature (ie creep range). This is followed by 
reviewing Type IV cracking phenomenon in Grade 91 steel weldment. In the second 
part, a review of fracture mechanics at elevated temperature is provided 
(ie C*parameter) together with creep crack growth models known as NSW and 
NSW-MOD. 
 
Chapter 3 provides a review of statistical methods to analyse scatter in material 
properties data and techniques which are used in prediction of material behaviour 
(eg failure) given the uncertainty in material data, loading and flaw dimensions. This 
chapter provides the basic of analyses carried out in Chapter 6 and it is the foundation 
of what is introduced in Chapter 7 as risk based life assessment methodology. 
 
Chapter 4 focuses on providing the details of materials and specimens used in this 
work and experimental procedures followed to carry out uniaxial creep and creep crack 
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growth experiments. This is followed by Chapter 5 which provides the results for these 
experiments. The analysis of these results is also discussed in Chapter 6 in detail. This 
chapter provides statistical analysis of uniaxial and CCG data for Grade 91 parent 
material and weldment. The NSW model is then applied using short and long-term data 
to provide a predictive model for behaviour of Grade 91 parent material and weldment 
when exposed to long-term service duration. The validation of this predictive model is 
then discussed in the following chapters. 
 
Chapter 7 proposes an algorithm which uses probabilistic techniques to evaluate the 
remaining life of welded components made of Grade 91 steel to ensure the integrity of 
these components are maintained through a RBLA approach. The scatter band which 
was discussed in Chapter 6 together with techniques which were introduced in Chapter 
3 are used in the development of this algorithm. To validate the RBLA model, four 
publicly announced Grade 91 component failure cases are examined. Chapter 8 uses 
data and information from each failure case as the input to the RBLA algorithm and 
demonstrates how the model predicts the risk of failure and proposes necessary 
mitigation actions. Two of these cases which had sufficient information to perform a 
fracture mechanics study are used in Chapter 9 to demonstrate how the long-term 
CCG model which was discussed in Chapter 6, could potentially predict the long-term 
in service behaviour of Grade 91 components which  contain a crack. 
 
Chapter 10 provides a conclusive discussion on the main findings of the experimental 
and analytical works carried out during the course of this thesis and proposes the 
future work required to enhance this research. 
 
1.5 Publications 
The following articles and abstracts are published or submitted to various journals and 
conferences to present the progress of this research work so far: 
 
 Maleki S, Zhang Y-H and Nikbin K. Prediction of creep crack growth properties of 
Grade 91 parent and welded steel using remaining failure strain criteria. Journal of 
Engineering Fracture Mechanics Available online 24 April 2010. 
 
 Zhigang Wei, Fulun Yang, Henry Cheng, Shervin Maleki, Kamran Nikbin, 
‘Engineering failure data analysis: Revisiting the standard linear approach’, Journal 
of Engineering Failure Analysis 30 (2013) 27-42 
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Term Grade 91 Steel Using Extrapolated Short-Term Uniaxial Creep Data. 
Proceedings of PVP2013 ASME Pressure Vessels & Piping Division Conference 
July 14-18, 2013, Paris, France. 
 
 Mehmanparast A, Maleki S, Yatomi M, Nikbin K. Specimen Geometry and Size 
Effects on the Creep Crack Growth Behaviour of Grade 91 Weldments. 
Proceedings of PVP2013 ASME Pressure Vessels & Piping Division Conference 
July 14-18, 2013, Paris, France. 
 
 Maleki S, Cui X, Nikbin K. ‘Defect assessment approach to Grade 91 weld integrity 
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Vancouver, Canada. 
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Chapter 2 Review of Material 
Creep Deformation and Fracture 
Mechanics at Elevated 
Temperature 
 
2.1 Deformation and Failure of Material at Elevated 
Temperature 
 Plastic deformation at ambient temperature 2.1.1
When metals are under stresses smaller than their yield strength, they deform 
elastically. However, when stresses greater than their yield strength are applied, the 
plastic deformation occurs. The plastic deformation is considered as a constant volume 
and non-reversible process. For an elastic-plastic material with strain hardening, the 
deformation process may be expressed by Romberg-Osgood law [1] as follow: 
 
ߝ ൌ ఙா ൅ ܣ௣௟. ߪே (2.1-1) 
 
Where the ε is the total strain, the first term represents the elastic element of the strain 
and the second term provides a power law which represents the plastic strain element 
of the total deformation process. 
 
Alternatively, the plastic term of the above equation, is very often expressed in a 
normalised form: 
 
ఌ
ఌ೤ ൌ ߙ ൬
ఙ
ఙ೤൰
ே
 (2.1-2) 
 
Where α is the yield offset, σy is the yield stress and εy is the corresponding strain at σy. 
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 Plastic deformation under multiaxial stresses 2.1.2
Equations 2.1-1 and 2.1-2 represent the material behaviour under uniaxial stress. In 
many cases a body is subjected to a combined state of stress. Under multiaxial stress 
condition yielding will occur when an equivalent stress,   (orߪ௘ ), is attained. The 
equivalent stress can be described by either Von Mises or Tresca stress [2]. For the 
former, it is: 
 
ߪത ൌ ߪ௘ ൌ ଵ√ଶ ሾሺߪଵ െ ߪଶሻଶ ൅ ሺߪଶ െ ߪଷሻଶ ൅ ሺߪଷ െ ߪଵሻଶሿ଴.ହ (2.1-3) 
 
Where σ1, σ2 and σ3 are the principle stresses which are defined as below: 
 
At a point in a stressed body they pass 3 mutually perpendicular planes, the stress on 
the planes are purely normal, tension or compression. These are termed the principal 
planes for that point. The stresses on the planes are principal stresses of which: 
 
One is the maximum stress at the point (σ1) 
One is the medium stress at the point (σ2) 
One is the minimum stress at the point (σ3) 
 
Using these stresses, Hydrostatic stress is defined as the average principle stresses at 
each point: 
 
ߪ௛ ൌ ఙభାఙమାఙయଷ  (2.1-4) 
 
Using Equation 2.1-1 and 2.1-2, the equivalent plastic strain for Romberg-Osgood law, 
p  is presented as: 
 
ߝ௣̅ ൌ ߙߝ௬ ൬ ఙഥఙ೤൰
ே
 (2.1-5) 
 
 Creep deformation 2.1.3
The time dependent deformation mechanism occurring at elevated temperature that is 
generally non-reversible, is defined as creep. Creep is most likely to occur in 
components that are subjected to high loads at elevated temperatures for extended 
periods of time. Creep may ultimately cause fracture or assist in developing a crack in 
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components subjected to stresses at high temperatures. Materials operating at this 
elevated temperature tend to fail through enlarging and joining of voids which are 
formed either in the bulk of the grain or on grain boundaries. The former is called 
transgranular creep, which mostly occurs at high stress and lower temperature 
applications whereas the latter is known as intergranular creep and is usually observed 
at lower stresses and longer failure time similar to most commercial industry 
applications. 
 
The creep deformation and failure of a material at elevated temperatures is usually 
studied in a uniaxial creep test, where a smooth tensile bar is subjected to a constant 
stress or load and the strain is measured as a function of time. The result is typically 
presented in a curve showing the creep strain against time. A typical uniaxial creep 
curve is provided in Figure 2.1-1a. 
 
 
Figure 2.1-1 Creep uniaxial curve: Creep deformation stage and Definitions of the 
creep parameters. 
 
The curve in general consists of three stages; stage one also known as Primary stage, 
is when hardening processes dominate and cause dislocation motion to be inhibited. 
These microstructural changes are consistent with the creep strain rate decreasing with 
time. Primary creep is observed most often at high stresses and low creep 
temperatures. Secondary creep or frequently referred to as Steady-State stage 
corresponds to a period of constant creep rate where there is a balance between 
work-hardening and thermally activated recovery (softening) processes [3]. 
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2.1.3.1 Models describing creep process and deformation 
To describe the creep strain obtained through the primary and secondary stages, the 
following expression, known as Garofalo equation [4] has been proposed: 
 
ߝ ൌ ߝ଴ ൅ ߝ்ሾ1 െ exp	ሺെ݉ݐሻሿ ൅ ߝሶ௦                (2.1-6) 
 
Where t is the elapsed time, m is material constant and ߝ଴ and ߝ் are transition strain at 
elastic and primary creep respectively. 
 
Later developments on this theme have been aimed at by adding further terms which 
can account for the tertiary stages of creep [5]: 
 
ߝ ൌ ߠଵሼ1 െ ݁ݔ݌ሺെߠଶݐሻሽ ൅ ߠଷሼ݁ݔ݌ሺെߠସݐሻ െ 1ሽ              (2.1-7) 
 
Where ߠଵ, ߠଶ, ߠଷ are stress and temperature dependant material constant.  
 
When secondary creep dominates (temperature range 0.3 <T/Tm < 0.5), it is often 
possible to express the minimum secondary creep strain rate s  or cs  , in the form [6]: 
 
ߝሶ௦௖ ∝ ߪ௡݁ݔ݌ሺെܳ/ܴܶሻ (2.1-8) 
 
The existence of several creep processes indicates that in general n and Q in 
Equation 2.1-8 will change as a mechanism boundary is crossed.  
 
For an iso-thermal condition, analogous to Equation 2.1-1 for plasticity deformation, the 
steady-state creep rate may be related to stress by a power law relation known as 
Norton power law: 
 
ߝሶ௦ ൌ ܣߪ௡ (2.1-9) 
 
Or in a non-dimensional form similar to Equation 2.1-2: 
 
ఌሶ ೞ
ఌሶ బ ൌ ቀ
ఙ
ఙబቁ
௡
 (2.1-10) 
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Where ߝሶ଴ is the strain rate at the stress ߪ଴ which is the material constants and n is 
referred as the steady-state creep exponent. The typical values of n for common 
metallic materials range from 3 to 13. 
 
Stage three as the last stage is called “Tertiary” creep and characterised by an 
accelerating creep strain rate. This stage usually consists of necking and results to the 
final failure. The design of a component operating in creep range is conventionally 
based on stage 2. 
 
It is often possible to consider the average creep deformation properties instead of the 
steady-state stage. Figure 2.1-1b illustrates the concept of the average creep rate on 
creep deformation curve. To refer to the average creep properties, Equation 2.1-9 
could be expressed in the following form: 
 
ߝሶ஺ ൌ ܣ஺ߪ௡ (2.1-11) 
 
Where AA and nA are the constant and power exponent when all three creep stages are 
considered (see Figure 2.1-1b). 
 
 Empirical models to predict creep rupture 2.1.4
Estimation of the time to rupture is a major consideration when a component is 
designed to operate in creep regime. Similar to the creep deformation, it is often 
possible to relate the rupture time of the most engineering metallic materials to the 
applied stress in a power law expression [7]: 
 
ݐ௥ ൌ ఌ೑బఌబ ቀ
ఙ
ఙబቁ
ିఔೝ ൌ ܤ௥ߪିఔೝ (2.1-12) 
 
Where ߝ௙଴ is the uniaxial failure strain at stress ߪ଴, and ܤ௥ and െߥ௥ are the temperature 
dependent material constants. 
 
A typical stress rupture plot is illustrated in Figure 2.1-3. 
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Figure 2.1-3 Power law representation of creep rupture. 
 
By combining Equation 2.1-11 and 2.1-12, creep ductility becomes: 
 
ߝ௙ ൌ ߝሶ஺ݐ௥ ൌ ܣ஺ܤ௥ߪ௡ಲିఔೝ (2.1-13) 
 
Based on Equation 2.1-13 if nA=νr then the creep failure strain is independent of stress 
and if nA>νr then creep ductility decreases when the stress decreases. 
 
Creep failure in uniaxial tension under constant stress can also been described by 
Monkman-Grant relationship [8]. In this model the creep failure is controlled by steady 
state or secondary region of the creep curve: 
 
ߝሶ௦௠ݐ௥ ൌ ܥ݋݊ݏݐܽ݊ݐ (2.1-14) 
 
Where m is usually unity, the significance of Monkman-Grant model is that once the 
equation’s constants are established from a limited number of experiments on a 
material, it can be used to predict the time to rupture of a relatively long-term test 
immediately after minimum creep strain rate is reached. When secondary creep 
dominates (ie long-term tests or actual service condition), this model predicts a 
constant failure strain,ߝ௙, which is independent from stress and temperature. This is an 
important outcome of this model as it enables differentiation between long-term creep 
exposure which steady state creep normally dominates to shorter-term exposure where 
primary or secondary strain main contribute to the final failure elongation. Therefore, in 
long-term test, in order to ignore the effect of necking at tertiary creep, the failure strain 
(to be called Monkman-Grant failure strain – MMG failure strain – hereinafter) could be 
considered as the intersection between rupture time and extend of secondary creep. 
Log 
Log σ 
 
15 
This approach to define failure strain is used in future chapters in this research work to 
evaluate long-term creep behaviour of Grade 91 steel. 
 
Another parameter which is widely used to describe creep failure is Larson-Miller 
parameter [9]. This is frequently expressed as per the following equation: 
 
ܲ ൌ ܶሺܥ ൅ log ݐሻ (2.1-15) 
 
Where C is material constant and usually between 15-25 when time is expressed in the 
unit of hours (T is the absolute temperature). 
 
Sherby-Dorn parameter [10] is another expression of creep failure which is immediately 
obtained from Equation 2.1-8: 
 
ߠ ൌ ݐ. ݁ݔ݌ ቀିொோ்ቁ (2.1-16) 
 
Satisfactory agreement is usually found with experiments for pure metals and dilute 
alloys at T/Tm>0.5 but not in other circumstances [6]. 
 
 Creep deformation under multiaxial stresses 2.1.5
Creep deformation is described analogous to plasticity therefore if the plastic strain is 
replaced by the creep strain rate, the equivalent creep strain rate under multiaxial 
stress conditions, ߝ̅ሶ௖ can be expressed as a function of the equivalent stress ߪത. 
 
To describe the creep strain at the time of failure under the multiaxial stress condition,
*
f , Cock and Ashby [11] presented a model based on void nucleation, growth and 
coalescence. The void growth rate has been found to depend on the ratio between the 
mathematical average of principle stresses, known as mean or hydrostatic stress, σh, 
and equivalent stress, ߪത, and is often referred to as the triaxiality, denoted h. In Cock 
and Ashby model the ratio of the strain to failure under multiaxial conditions, *f , and 
uniaxial conditions, f , at a given equivalent stress is expressed as: 
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ఌ೑∗
ఌ೑ ൌ sinh ቂ
ଶ
ଷ ቀ
௡ିଵ ଶ⁄
௡ାଵ ଶ⁄ ቁቃ sinh ቂ2݄ ቀ
௡ିଵ ଶ⁄
௡ାଵ ଶ⁄ ቁቃൗ  (2.1-17) 
 
Under uniaxial conditions, h = 1/3 therefore the above equation provides *f = f as 
expected. 
 
In another model, Rice and Tracey [12] proposed a creep exponent independent 
approximation of multiaxial ductility: 
 
ఌ೑∗
ఌ೑ ൌ 1.65݁
ିሺయ഑೓మ഑೐ሻ (2.1-18) 
 
Figure 2.1-4 provides a comparison between these two models at different level of 
hydrostatic to equivalent stress ratio. Three values of creep exponent are selected 
based on Grade 91 scatter band (see chapter 6). From Figure 2.1-4 it can be seen that 
both models make the similar prediction.  
 
 
Figure 2.1-4 Comparison between different creep multiaxial failure strain models 
 
Cane [13] showed that the multiaxial stress rupture criterion is determined 
predominantly by the stress state dependences of intergranular cavity formation and 
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growth. For a given equivalent stress, ߪത, brittle intergranular fracture is promoted by 
increasing ratio of maximum principal stress to the equivalent stress (ie ߪଵ ߪത⁄ ). In 
general the rupture life will be a function of both ߪଵ andߪത. Integrity assessment methods 
based on uniaxial rupture data or strain limits will be pessimistic in components where 
ߪଵ ߪത⁄ ൏ 1 and optimistic whereߪଵ ߪത⁄ ൐ 1. 
 
2.2 Creep failure in Grade 91 steel 
Improved thermal efficiency of power plants has been the main driver for the 
development of martensitic-ferritic 9-12% Cr creep-resistant steels that are also 
commonly known as creep strength enhanced ferritic (CSEF) steels. The target 
operating temperature for these steels is 650°C, with a common target design life of 
100,000h. 
 
 Creep problem related to Grade 91 parent material 2.2.1
A desired manufacturing process of Grade 91 parent material should result in formation 
of a fully tempered martensitic microstructure. It will be shown in Chapter 6 that 
although desirable properties for the parent material could be achieved when testing 
as-received material, however, the material may demonstrate long-term creep 
properties below what is expected from extrapolation of short-term test. This may result 
in unexpected and premature failure when the material is exposed to service condition.  
 
Parker [14] has summarised the issues related to Grade 91 parent material under the 
following general areas: 
 
 Problems associated with lack of tempering or significant delays in performing 
tempering heat treatments, 
 Problems associated with lack of control of tempering temperature and/or time or 
over tempering through repeated heat treatments, 
 Problems which are due to some undesirable fabrication event or which occurred 
early in life as a result of significant cycling or transients. 
 
The results of service experience show that while differences in material heat treatment 
prior to welding clearly affect parent behaviour; they have remarkably little influence on 
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HAZ performance. Thus, it is very likely that the primary damage location in-service will 
be the weldment [15]. 
 
 Microstructure of Weldment 2.2.2
As explained above, in most of the industrial applications, creep damage occurs first on 
grain boundaries. Therefore, the microstructure of the materials (grain size, size and 
type of precipitates, orientation of grain boundaries to loading direction, etc) can play a 
major rule in creep process. The majority of metallic materials are made of 
homogenous polycrystals which are almost the same size and consists of similar 
properties. However, when a material is welded, an inhomogeneous microstructure is 
introduced across the weld and parent material adjutant to the weld which is called 
Heat Affected Zone (HAZ). The microstructure across the weld and HAZ can consist of 
several morphologies as illustrated in Figure 2.2-1. As shown in the Figure, the grain 
size may vary across the weld and HAZ, creep properties also differ. Therefore, when a 
welded component is loaded at elevated temperature, different creep strain rates are 
expected from various parts of the microstructure. Furthermore, welds are normally 
associated with some residual stress (even after post weld heat treatment) remained 
from the manufacturing or repair process. This results in higher complexity when 
investigating the creep behaviour of a welded material. 
 
Figure 2.2-1 Weld metal and heat affected zone (HAZ) microstructure. 
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 Type IV cracking in grade 91 steel weldment 2.2.3
The phenomena of type IV cracking has been the most significant issue with the use of 
CSEF for the last few decades. This is creep failure that occurs in the HAZ of welded 
joints, particularly in high alloy precipitation strengthened grades such as grades 91 
and 92. 
 
An understanding of the phenomenon of type IV cracking and of the extent of long term 
creep strength degradation, and strategies for improved performance would therefore 
help designers and operators to take the right decisions when designing, operating or 
repairing plant, to maximise overall operating efficiency and availability. It is also crucial 
to investigate the propagation of this cracking should it be detected during 
Non-destructive Examination (NDE) of the component in the service or during the 
outage to establish the failure risk at any given time in future. 
 
Grade 91 could be employed in plant with target temperatures of 600°C and possibly 
above. However the resistance to type IV cracking falls dramatically at this temperature. 
This has been warned in 1990 by Middleton [16] in the following quote: ‘The operation 
of supercritical plant constructed from either Grade 91 or X20 steels at ~600°C would 
therefore involve a degree of risk of type IV cracking, the level depending on the 
medium to long term strength loss found for cross-weld testing, unless a modest 
overdesign were applied’. 
 
Interest in type IV cracking has intensified in recent years due to the extensive use of 
grades 91 and 92 steel and also the increase in service experience with components 
made of these materials. 
 
 Characterization of Type IV Cracking 2.2.4
Type IV failure is the result of localized strain and void formation in the outer region of 
the HAZ (fine grain and Intercritical zone). This creep weak region accommodates the 
vast majority of strain and the component fails with relatively low total strain to failure 
compared with what is predicted for the parent material. At an advanced stage of the 
damage, the voids coalesce or ‘unzip’ to form a crack. Generally, the mechanism is 
favoured at higher temperatures and lower stress levels. At higher stresses and lower 
temperatures, failures are more common in the weld metal or parent metal. As the 
temperature is increased and the stress reduced, there comes a point at which type IV 
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creep cracking becomes the dominant mechanism. The significance of this is 
discussed in future chapters when long-term creep crack growth prediction is the issue 
of concern [17]. Figure 2.2-2 provides an example of type IV cracking in Grade 91 
material demonstrating the location of the cracking with respect to the weldment. 
 
There is a local band within the HAZ where martensitic transformation does not take 
place. It appears that the lack of martensitic transformation will lead to locally high 
residual stresses which will be relaxed by strain when put in service. It is likely that the 
relaxation strain would be relatively high and results in effective reduction in 
subsequent creep life [18] 
 
The Type IV life is significantly below that of the parent under the same conditions. The 
effects of weld thermal cycle on microstructural are clearly important to the 
susceptibility for creep damage to occur. However, there is at least inferential evidence 
that transformation behaviour is effecting the distribution of weld residual stress as well 
as the local creep strength. The significance of residual stresses to the susceptibility for 
Type IV cracking in 9Cr steels is one explanation for why the creep strength of the 
parent has only a second order effect on Type IV performance [15]. 
 
 
Figure 2.2-2 Type IV cracking in EB welded 9%Cr 1%Mo steel [17]. 
 Type IV Creep Life Prediction 2.2.5
The ability to accurately predict the creep strength of specimens/components subject to 
long-term exposures is highly desirable. However, due to significant uncertainties 
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involved in parameters which contribute to formation and growth of type IV crack, a 
more practical approach may be the use of statistical analysis and probabilistic life 
assessment to identify the degree of risk rather than an absolute remaining life. 
 
Limit state equations (LSE) which relate the lower band of time to failure due to type IV 
cracking to temperature and applied stress have been developed. The LSE intends to 
provide the transition from parent material to type IV failure by carrying out several 
experiments on cross-weld creep specimens. 
 
The most widely accepted works are done by Bell [19] and Nath and Masuyama [20]. 
Bell’s equation is presented in the following expression: 
 
log ݐ௥ ൌ 12.3 ൅ ሺ଴.଻ିଵ଺ ୪୭୥ఙሻሺ்ି଺଴଴ሻଵ଴଴଴  (2.2-1) 
 
Equation 2.2-1 is the basis of assessment methodology which will be introduced in 
Chapter 8 of this thesis. A modified version of the Bell equation was proposed by 
Nath et. al. [20] which was also modified again and presented in [21] later on for 
application to Grade 91 with a reported application range of 570-732ºC, 40-75MPa and 
4-11,600 hrs as given below. 
 
log ݐ௥ ൌ 12.3 ൅ ሺଵ.ଷଶ଺ଽଵିଵ଺.଴ଶ଴ସ ୪୭୥ఙሻሺ்ି଺଴଴ሻଵ଴଴଴  (2.2-2) 
 
Where tr is the rupture life in hours, T is the absolute temperature and σ is the applied 
stress. 
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a) Equation 2.2-1 [19]; 
 
 
b) Equation 2.2-2 [21]. 
 
Figure 2.2-3 Creep rupture data and the lower bound creep rupture strength for parent 
steel and type IV cracking, according to Equations 2.2-1 and 2.2-2. 
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2.3 Fracture Mechanics Concepts at Elevated 
Temperature 
 Stress intensity factor, KI 2.3.1
The magnitude of stresses in the vicinity of a sharp crack may be characterised by 
parameter KI which referred to as linear elastic stress intensity factor [22] in the 
opening mode (mode I). For a linear elastic material, the stress field at the crack tip, σij, 
is provided by: 
 
ߪ௜௝ ൌ ௄಺√ଶగ௥ . ௜݂௝ሺߠሻ (2.3-1) 
 
Where r is the radial distance from the crack tip and fij(θ) is non-dimensional angular 
function. Based on Equation 2.3.-1, the corresponding strain for the linear elastic 
material also may be expressed by: 
 
ߝ௜௝ ൌ ଵா
௄಺
√ଶగ௥ . ݃௜௝ሺߠሻ (2.3-2) 
 
Here, E is the module of elasticity and gij depends on the Poison’s ratio and whether 
conditions of plane strain or plane stress apply. 
 
Re-arranging Equation 2.3-1 against KI provides the expression which enable to 
estimate the stress intensity factor for different loading scenarios and different 
geometries. The general expression of stress intensity factor is typically given by: 
 
ܭூ ൌ ܻߪ√ߨܽ (2.3-3) 
 
Where “a” is the crack size and Y is a non-dimensional function of crack size and 
geometry. Expression for stress intensity factor can be found in [23] for several 
geometries. 
 
 Non-linear crack tip parameter, J-Integral 2.3.2
Application of the stress intensity factor is limited to linear elastic materials. If 
substantial plastic deformation occurs at crack tip, non-linear fracture mechanic 
concepts are required to describe the behaviour of a cracked body. 
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Rice [24] expressed “J” as an integral which defines the path surrounding a crack tip as 
shown in Figure 2.3-1. The integration is:  
 
ܬ ൌ ׬ ቀܹ݀ݕ െ ௜ܶ డ௎೔డ௫ ݀ݏቁ୻  (2.3-4) 
 
 
Figure 2.3-1 J-integral contour around the crack tip. 
 
Where W is the strain energy density given by: 
 
ܹ ൌ ׬ ߪ௜௝݀ߝ௜௝ࣟ೔ೕ଴  (2.3-5) 
 
And Ti is the traction vector. 
 
Similar to stress intensity factor, it has been shown [25, 26] that the stress and strain 
field at the vicinity of a crack can be related to J-integral by the following expressions: 
 
ߪ௜௝ ൌ ߪ௬ ൬ ௃ఈఌ೤ఙ೤ூಿ௥൰
భ
ಿశభ ߪ෤௜௝ሺߠ, ܰሻ (2.3-6) 
ߝ௜௝ ൌ ߙߝ௬ ൬ ௃ఈఌ೤ఙ೤ூಿ௥൰
భ
ಿశభ ߝ௜̃௝ሺߠ, ܰሻ (2.3-7) 
 
Where ij  and ij~  are set of non-dimensional functions of θ ˜and  N, r is the distance 
from the crack tip at which stress and strain are determined and IN is an integration 
constant that depends on N. 
 
x
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d
Γ 
ui 
25 
 Steady-state creep fracture mechanics, C*-Integral 2.3.3
When a cracked body operating at an elevated temperature is first loaded, the crack tip 
stress and strain fields are identical to those discussed in linear and non-linear fracture 
mechanics parameter, KI and J-integral. When enough time is provided for stress 
redistribution to be completed and creep process to reach the steady-state condition, 
equations in the creeping body are identical to those in the non-linear elastic body, 
provided strains and displacements in the non-linear elastic body are replaced by strain 
and displacement rates respectively in the creeping body. 
 
By analogy, from Equations 2.3-4 to 2.3-7, if the strain is replaced by strain rate, 
J-integral is also replaced by steady-state creep fracture mechanics parameter, known 
as C*-integral [27] (here referred to as C* for simplicity) which describes the state of 
stress at the vicinity of a crack at elevated temperature when stress redistribution 
process is completed. Therefore: 
 
ܥ∗ ൌ ׬ ቀ ሶܹ ݀ݕ െ ௜ܶ డ௎ሶడ௫ ݀ݏቁ୻  (2.3-8) 
 
Where W  is the strain energy rate density rate and is given by: 
 
ሶܹ ൌ ׬ ߪ௜௝݀ߝሶ ݆݅ܿߝሶ ݆݅ܿ଴  (2.3-9) 
 
Applying the same argument, the stress and strain rate ahead of a crack can be 
presented in a similar form as for plasticity: 
 
ߪ݆݅ ൌ ߪ0 ቀ ܥ
∗
ߝሶ0ߪ0ܫ݊ݎቁ
1
݊൅1 ߪ෥݆݅ሺߠ, ݊ሻ (2.3-10) 
ߝሶ ݆݅ ൌ ߝሶ 0 ቀ ܥ
∗
ߝሶ0ߪ0ܫ݊ݎቁ
1
݊൅1 ߝ෤݆݅ሺߠ, ݊ሻ (2.3-11) 
 
Again, similar to the plasticity, ij~  and ij~  are set of non-dimensional functions. The 
exponent of plasticity was also replaced by the creep steady-state exponent, n. 
 
There are several experimental and analytical method to derive C* which are discussed 
in [6, 28, 29].  
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As explained above, C* represents the crack growth behaviour once the steady-state 
condition attain at the crack tip. Other parameters have been developed to describe the 
instantaneous amplitude of the crack tip field and also the condition prior to attainment 
of steady-state condition. The earlier is denoted by C(t) and the later by Ct. The 
steady-state condition is assumed in this research work therefore C* is predominantly 
used. The details of other parameters are described in [6, 29]. 
 
 Review of Creep Crack Growth Predictive Models 2.3.4
For a cracked body operating in an elevated temperature where creep is dominant, 
time dependant crack growth is observed. To identify the CCG behaviour in such a 
component, several fracture mechanic parameters have been applied such as stress 
intensity factor, KI, and creep fracture mechanics parameter C* integral. The 
relationship for growth rate given for steady-state creep dominant conditions in 
engineering alloys has been shown to be: 
 
ሶܽ ൌ ܦܥ∗ఝ (2.3-12) 
 
By assuming a creep process zone at a crack vicinity, the material starts to experience 
creep damage when it enters the process zone at r = rc, at the time t = 0, and 
accumulates creep strain cij  by the time it reaches a distance r from the crack tip, the 
condition for crack growth is given using the ductility exhaustion criterion as; 
 
ߝ௜௝௖ ൌ ׬ ߝሶ௜௝௖௧଴ ݀ݐ (2.3-13) 
 
If it is implicitly assumed that failure occurs at the crack tip when the available material 
creep ductility is exhausted at the value of θ at which ),(~ nij   reaches its maximum 
value of unity 1~ ij , putting Equation 2.3-10 to Equation 2.3-12 and integrating for a 
constant growth rate at constant C* and setting ar   , gives [6]; 
 
ሶܽ ேௌௐ ൌ ሺ௡ାଵሻఌሶ బఌ೑∗ ቀ
஼∗
ூ೙ఙబఌሶ బቁ
௡ ௡ାଵ⁄ ݎ௖ଵ ௡ାଵ⁄  (2.3-14) 
 
This model is known as NSW model and indicates that crack growth rate should be 
inversely proportional to the creep ductility *f  appropriate to the state of stress at the 
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crack tip. To estimate the ratio of the multiaxial to uniaxial failure strain, ff  /*  , 
Equation 2.3-14 suggests that for most relevant engineering materials, the ratio 
between the extreme multiaxial, plane strain, and uniaxial, plane stress conditions is 
recommended to be a factor of 30 [30]. It was demonstrated that the power 
dependence of C* varies only over the range 0.7–1.0 and that crack growth rate can be 
predicted for plane stress conditions approximately within a factor of about 2 by: 
 
ሶܽ ேௌௐ ൌ ଷ஼
∗బ.ఴ
ఌ೑∗
 (2.3-15) 
 
Equation 2.3-15 is called NSW engineering creep crack growth law where the predicted 
bounds cover the extreme conditions of stress state and creep ductility. This essentially 
provides a conservative estimation, however it may also be pessimistic in certain cases 
which require addressing. 
 
In the NSW model the value of the non-dimensional equivalent stress function, in 
Equation 2.3-10, ),(~ nij   was taken to be its maximum value of unity. This is considered 
to be a very conservative measure and implicitly assumes that failure will occur first at 
the angle, θ, where e  attains its maximum value. Figure 2.3-2 [31] shows the 
dependence of crack-tip stress field and *ff /   on θ and n under plane stress and 
strain. It is seen from Figure 2.3-2 that the maximum value of  ne n),(~   is unity at θ  0° 
and 90° under plane stress and plane strain conditions, respectively. At θ = 0°, which is 
the condition assumed in the NSW model, the difference in the value of  ne n),(~   
under plane stress and plane strain conditions can be up to a factor of 50-100 
depending on the value of n. It is also seen in Figure 2.3-2 that f  increases with angle 
both under plane stress and plane strain conditions. 
 
At θ = 00 the difference of 
f  between plane stress and plane strain conditions is well 
above a factor of 100. This variation will also affect the value of f  which it will vary for 
a range of stress states. A more general expression can be obtained, which considers 
the dependence on angle, θ and failure is considered to occur first where the ratio of 
angular function of the equivalent stress ( e ) and the multiaxiality strain factor ( *ff /  ) 
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attains its maximum value. For this condition, the NSW model may be extended to give 
a modified crack growth rate, referred to as the ‘NSW-MOD model [31]: 
 
ሶܽ ேௌௐିெை஽ ൌ ሺ݊ ൅ 1ሻ ఌሶ బఌ೑∗ ሺఏ,௡ሻ ቀ
஼∗
ூ೙ఙబఌሶ బቁ
௡ ሺ௡ାଵሻ⁄ ݎ௖ଵ ሺ௡ାଵሻ⁄ ߝ௘̃ሺߠ, ݊ሻ (2.3-5) 
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Figure 2-3-2 Dependence of (a) ne~  and (b) *f  on angle θ and n. 
 
The literature and applicability of C* and CCG models for Grade 91 steels are 
discussed in details in section 6.3.
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2.5 Nomenclature 
A Stress and temperature dependent material parameters. 
AA 
Stress and temperature dependent material parameters for average 
of all three stages of creep. 
Apl Constant in Ramberg-Osgood expression 
A Crack size 
ሶܽ   Creep crack growth rate 
ሶܽ ேௌௐ NSW-model creep crack growth rate 
ܤ௥ Temperature dependent material constants 
C* steady state creep correlating parameter (MJ/m2.h) 
C(t) instantaneous amplitude of the crack tip field  
Ct Crack tip parameter prior to attainment of steady-state condition 
C Material constant and usually between 15-25  
D Power law coefficient in empirical creep crack growth law 
E Modulus of elasticity (young’s modulus) 
௜݂௝ሺߠሻ  non-dimensional angular function 
݃௜௝ሺߠሻ  non-dimensional angular function 
H Triaxiality 
IN integration constant that depends on 
J Non-linear fracture mechanics crack tip parameter 
KI Stress Intensity Factor in the opening mode (mode I) 
M Andrade expression 
N Norton creep index 
nA Norton creep index for average of all three stages of creep. 
N Stress index in power law plasticity 
P Larson-Miller parameter 
Q activation energy 
R Gas constant 
ݎሶ    Growth rate of radial distance from the crack tip 
R Radial distance from the crack tip 
T Absolute temperature 
Tm Absolute melting point 
T Test duration 
ݐ௥  Time to rupture 
Ti Traction vector 
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W Strain energy density change 
ሶܹ   Strain energy rate density rate 
Y non-dimensional function of crack size and geometry 
  Yield offset 
ߙ, ߚ, ߛ  Stress and temperature dependent material parameters. 
  Strain 
p  Von-Mises or equivalent plastic strain 
y  Yield strain 
c
s , s  secondary creep rate 
ߝ଴  Strain rate at ߪ଴ 
ߝ஺   Average strain rate 
ߝ௙଴  Uniaxial failure strain at ߪ଴ 
ߝ௙  Uniaxial creep failure strain (creep ductility) 
ߝ̅ሶ௖  Equivalent creep strain rate 
ߝ௜௝  Strain related to the stress field at the crack tip 
ߝ௙∗  creep failure strain appropriate to the state of stress 
ߝ௜̃௝  Non-dimensional function of ߠ and N 
ߝሶ௜௝௖   Creep strain rate related to the stress field at the crack tip 
y  Yield stress 
 , e  Von-Mises or equivalent plastic stress 
1  Maximum principal stress 
2  Medium principal stress 
3  Minimum principal stress 
h  Hydrostatic stress 
ߪ଴  Stress and temperature dependent material parameters. 
ߪ௜௝  stress field at the crack tip 
ߪ෤௜௝  Non-dimensional function of ߠ and N 
ߠ  Crack tip angel 
ߠଵ, ߠଶ, ߠଷ, ߠସ,  Stress and temperature dependent material parameters. 
߮  Power law exponent in empirical creep crack growth law 
ߥ௥    Temperature dependent material constants 
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2.6 Abbreviation 
CCG Creep Crack Growth 
RBLA Risk Based Life Assessment 
CSEF creep strength enhanced ferritic 
HAZ Heat Affected Zone 
NDE Non-destructive Examination 
LSE Limit state equations 
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Chapter 3 Basis for Statistical 
Analysis and Probabilistic Models 
3.1 Introduction 
Material properties, such as creep data and other parameters contain a large amount 
of scatter. This could be due to errors in testing parameters (eg calibration, small 
differences between test specimens in geometries, etc) or inherent variability in the 
physical and chemical structure of the material. The inherent differences among 
batches of a material are usually a major source of variation in measured behaviour. 
This variation can be analysed by statistical methods. When the material properties are 
presented with statistical methods, a probabilistic approach (instead of deterministic) is 
required to predict the eventual behaviour of a component. In this way, the same limit 
state equation which was used to describe the material behaviour in the deterministic 
approach is used with data in statistical form rather than a single value. The probability 
of an event is then assessed using different techniques. 
 
The use of reliability methods has been extensively applied in the engineering 
assessments since few decades ago [1-5]. 
 
In this chapter methods to treat variability of material properties are described. In 
addition, the Monte Carlo simulation technique and First Order Reliability Method 
(FORM), used in the investigation of statistical problem in Chapter 7 and Chapter 8, are 
presented. 
 
3.2 Confidence Interval 
 Overview 3.2.1
A confidence interval (CI) is an interval estimate combined with a probability statement. 
It represents a range of values so defined that there is a specified probability that the 
value of a parameter lies within it. 
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The level of confidence of the confidence interval, the so-called confidence level, would 
indicate the probability that the confidence range captures this true population 
parameter given a distribution of samples. This value is represented by a percentage. 
In the other word, For example, suppose all possible samples were selected from the 
same population, and a confidence interval were computed for each sample. Some 
interval estimates would include the true population parameter and some would not. 
Therefore, for example, 95% confidence level means that 95% of the interval 
estimations would include the true population parameter; and so on. 
 
In general, the confidence interval can be calculated following the approach that using 
mean and deviation of the chosen samples to define the lower or upper confidence 
bounds, based on a given confidence level. More details about this approach will be 
discussed in the following paragraphs. 
 
 The mean and expected value 3.2.2
In statistics, mean or expected value is used to describe the location of the central 
tendency of a set of numbers. 
 
Sometime, the sample mean may differ from the population mean, especially for a 
small size sample. Specifically, the sample mean, also known as arithmetic mean 
typically donated as ̅ݔ , is calculated using Equation 3.2-1, where n is the observations 
in a sample. The population mean is the average value of a population, donated by 
Greek letterߤ, can be calculated as Equation 3.2-2, where N is the finite number of 
observations in the population. In general, the larger the size of the sample, the more 
likely it is that the sample mean will be reasonable to estimate the population mean [6]. 
 
̅ݔ ൌ ∑ ௫೔೙೔సభ௡   (3.2-1) 
 
ߤ ൌ ∑ ௫೔೔ಿసభே  (3.2-2) 
 
The expected value is the mean of a discreet random variable. It intuitively represents 
the long-run average value of repetitions of the experiment. The expected value of a 
discreet random variable can be calculated as the sum of the experiment results 
multiplied by the probability of getting such results. Therefore the expected value of a 
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discrete random variable X taking values of xଵ , xଶ, xଷ …… with probabilities 
Pଵ, Pଶ, Pଷ ……can be calculated as: 
 
ܧሺܺሻ ൌ ∑ሺݔ௜ ∙ ௜ܲሻ (3.2-3) 
If X is continuous random variable, and its probability distribution admits a probability 
density function݂ሺݔሻ, then its expected value can be computed as: 
 
ܧሺܺሻ ൌ ׬ ݔ ∙ ݂ሺݔሻ݀ݔஶିஶ  (3.2-4) 
 
 The standard deviation and standard error 3.2.3
In statistics, the standard deviation is the most important measurement of the statistical 
dispersion. Standard deviation is the square root of the variance. The estimation of 
standard deviation is based on the deviation of individual observation about the mean. 
Equation 3.2-5 and Equation 3.2-6 can be used to calculate standard deviation of a 
sample and population respectively, which has finite data setݔଵ, ݔଶ, ݔଷ …… with each 
value having the same probability. 
 
ݏଶ ൌ ∑ ሺ௫೔ି௫̅ሻమ೙೔సభ௡ିଵ  (3.2-5) 
 
ܵܦଶ ൌ ∑ ሺ௫೔ିఓሻమ೔ಿసభ ே  (3.2-6) 
 
If X is a continuous random variable with probability density function݂ሺݔሻ, its standard 
deviation (denoted asߪ) can be calculated as: 
 
ߪ ൌ ට׬ ሺݔ െ ܧሺݔሻሻଶ ∙ ݂ሺݔሻ݀ݔஶିஶ  (3.2-7) 
 
Where, 
 
ܧሺݔሻ ൌ ׬ ݔ ∙ ݂ሺݔሻ݀ݔஶିஶ  (3.2-8) 
 
The standard error (SE) is the standard deviation of the sampling distribution of a 
statistic. It measures the spread, ie the higher the SE, the more spread out the data is. 
SE is used for statistics while standard deviation is normally for parameters. A simple 
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way to describe the difference between statistic and parameter would be “Statistics 
describe a sample while a parameter describes an entire population.” The SE is given 
by: 
 
ܵܧ ൌ ௌ஽√௡ (3.2-9) 
 
 Degree of freedom 3.2.4
Degree of freedom (DoF) is the number of values in the final calculation of a statistic 
that are free to vary [7]. In the other word, it answers how many values are free to vary 
in a data set. 
 
For example, there is a task to pick up 3 numbers which has an average value of 5. 
Many sets of numbers can be picked up, however, once the first two numbers are 
confirmed, the third number will be fixed. In the other word, the third number in the set 
cannot be chosen and only the first two numbers are free to vary. Ie if 2 and 6 has 
been picked up, then in order to have average value of 5, the third number has to 
be 	3 ൈ 5 െ ሺ2 ൅ 6ሻ ൌ 9 . So in this case, the degree of freedom for a set of three 
numbers is two. 
 
For one sample with “n” observations in the set, the degree of freedom can be 
calculated as: 
 
ܦ݋ܨ ൌ ݊ െ 1 (3.2-10) 
 
For two samples which have n1 and n2 observations, the degree of freedom is: 
 
ܦ݋ܨ ൌ ሺ݊1 ൅ ݊2ሻ െ 2 (3.2-11) 
 
 Student’s t-distribution 3.2.5
When anything about a population’s behaviour is unknown (ie just looking at data for a 
sample), which is very common case, the Student’s t-distribution (t-distribution) will be 
needed to find the confidence interval. The t-distribution can be applied to describe 
samples drawn from a full population, whereas a normal distribution describes a full 
population. The pseudonym “Student” was used by William Sealy Gosset [8]. This 
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paper referred to "frequency distribution of standard deviations of samples drawn from 
a normal population”. In the later time his method became well-known and the name 
“Student’s t-distribution” was use to not to be confused with the literal meaning of the 
word student [9]. 
The formula for the probability density function (PDF) of the t-distribution is: 
 
݂ሺݔሻ ൌ ሺଵା
ೣమ
ഌ ሻ
షഔశభమ
஻ሺ଴.ହ,଴.ହజሻ√జഥ (3.2-12) 
 
Where in Equation 3.2-12, ߭ is degree of freedom, and B is the beta function as: 
 
ܤሺߙ, ߚሻ ൌ ׬ ݐఈିଵଵ଴ ሺ1 െ ݐሻఉିଵ݀ݐ (3.2-13) 
 
The t-distribution PDF is symmetric, which is normally treated as standardized 
distribution without location or scale parameters. As the number of degrees of freedom 
grows, the t-distribution approaches the normal distribution with mean 0 and variance 1. 
 
The t-distribution plays a role in a number of widely used statistical analyses, which 
includes the construction of confidence intervals for the difference between two 
population means, and in linear regression analysis, etc. Specifically, for estimation of 
confidence interval and linear regression, the critical value of the t-distribution needs to 
be computed. Since t-distribution is symmetric, for a given significance levelߙ , its 
cumulative distribution function can be written as: 
 
ݐଵିఈ,ఔ ൌ െݐఈ,జ (3.2-14) 
 
Then the critical values corresponding to a given significance level can be calculated. 
The most commonly used significance level is ߙ = 0.05. Therefore, the margin of the 
error of the sample mean can be calculated as: 
 
ܯܽݎ݃݅݊	݋݂	݁ݎݎ݋ݎ ൌ ݐ1െߙ2,ߥ ∙ ܵܧ (3.2-15) 
 
In practice the t-tables will be used to compute critical values. The critical value is the 
cut-off value which determines the boundary between the samples resulting in a test 
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statistic that leads to rejecting the null hypothesis and those that lead to a decision not 
to reject the null hypothesis [10]. 
 
 Critical value given by standard normal distribution 3.2.6
From the tables of the cumulative distribution function for a normally distributed random 
variable it may be seen that 68% of the impacts should lie in the range plus/ minus one 
standard deviation while 95.5% will lie in the range plus/ minus two standard deviations. 
Such percentage value is the confidence level, and the interval within which the value 
of x is expected to fall is the confidence limit [11]. 
 
Similar to t-distribution, for a given significance levelߙ, cumulative distribution function 
for a standard normal distribution can be written as: 
 
ݖଵିఈ ൌ െݖఈ (3.2-16) 
 
Then the critical value ݖ௖ derived from Equation 3.2-16 can be tabulated in Table 3.2-3. 
Both ݐ௖and ݖ௖ can be used to estimate the margin of error of the mean. To be more 
clear, ݐ௖ is preferred if the number of samples of the mean is small, which will take into 
account of degree of freedom, while ݖ௖ is more suitable when deal with large samples 
so the normal distribution is reasonable. Margin of error for a large sample based on 
z-score is given by: 
 
ܯܽݎ݃݅݊	݋݂	݁ݎݎ݋ݎ ൌ ݖ௖ ∙ ܵܧ (3.2-17) 
 
 Calculation of the confidence interval for sample 3.2.7
Confidence interval can be calculated in terms of sample, populations or proportion. In 
this present work, the experiment data was analysed as a sample, so the t-score will be 
more appropriate to be used. The procedure to construct the confidence interval for a 
sample with n observations is proposed here. 
 
Assume the sample mean is xത and standard deviation isσ, as well as the confidence 
level of 95%. 
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1. Calculate degree of freedom: ν ൌ n െ 1 
2. Calculate the one-sided tail from given confidence level: α ൌ ଵି଴.ଽହଶ ൌ 0.025 
3. Look up the critical value (tଵିಉమ,஝) from t-table for one-sided t-distribution based on 
results from Step 1 and Step 2, or zୡ	 
4. Calculate the sample margin of error using Equation 3.2-17. 
5. Calculate the lower end of the range as xത െ Margin	of	error 
6. Calculate the upper end of the range as xത ൅ Marhin	of	error 
 
3.3 Linear regression analysis 
A general goal of regression analysis is to estimate the association between one or 
more explanatory variables (or independent variable, X) and a single outcome variable 
(or dependent variable, Y). A dependent variable is presumed to depend in some way 
or be systematically predicted by the explanatory variables [12]. This analysis tool can 
be used for the relationships between, for instance, creep strain rate and stress from 
uniaxial creep test, or crack growth rate and C* from creep crack growth tests, and so 
on. 
 
 Simple linear regression 3.3.1
Simple linear regression is the case that there is only one explanatory variable, X. It fits 
a straight line through the set of n points aiming at describing the relationship in the 
best possible manner. The relationship between explanatory variable, X and dependent 
variable, Y can be given by: 
 
ܻ ൌ ܽ ∙ ܺ ൅ ܾ ൅ ݁  (3.3-1) 
 
Where in this equation, the slope ܽ and intercept ܾ are unknown regression coefficients 
and ݁ is a random error. The slope of the fitted line is equal to the correlation between 
Y and X corrected by the ratio of standard deviations of these variables. The intercept 
of the fitted line is such that it passes through the centre of mass ሺݔ, ݕሻ of the data 
points. For example, if there are n pairs of observationsሼሺݔ௜, ݕ௜ሻ, ݅ ൌ 1,2, … ݊ሽ, x and y 
can be described as: 
 
ݕ௜ ൌ ܽ ∙ ݔ௜ ൅ ܾ ൅ ݁௜ (3.3-2) 
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The random error ݁௜ has its mean as zero (0) and varianceߪଶ, which depends on the 
residuals of the model, which is, in the other word, vertical distances between the 
points of the data set and the fitted line. The goal is to find the equation of the straight 
line which can minimize the effect of random error. This can be achieved using The 
Least Squares Model, to minimize the sum of the squares of the vertical deviations. 
 
 The least squares model 3.3.2
The Method of Least Squares is a procedure, requiring just some calculus and linear 
algebra, to determine what the “best fit” line is to the data. According to Equation 3.3-2, 
the error ݁௜ can be substituted as: 
 
݁௜ ൌ ݕ௜ െ ሺܽ ∙ ݔ௜ ൅ ܾሻ (3.3-3) 
 
Assume for the given data setሼሺݔ௜, ݕ௜ሻ, ݅ ൌ 1,2, …݊ሽ, the error associated can be defined 
by, 
 
ܧሺܽ, ܾሻ ൌ ∑ሺݕ௜ െ ሺܽ ∙ ݔ௜ ൅ ܾሻ) (3.3-4) 
 
Now the goal becomes to find the value of a and b which forms the minimum value 
ofܧሺܽ, ܾሻ. In multivariable calculus, partially differentiate Equation 3.3-4 with respect to 
a and b respectively and set the resulting equations to zero (0) is the way to 
minimiseܧሺܽ, ܾሻ. Ie: 
 
డாሺ௔,௕ሻ
డ௔ ൌ 0,
డாሺ௔,௕ሻ
డ௕ ൌ 0 (3.3-5) 
 
The differentiation yields, 
 
∑ሾݔ௜ ∙ ሺݕ௜ െ ܽ ∙ ݔ௜ െ ܾሻሿ ൌ 0	, and (3.3-6) 
 
∑ሺݕ௜ െ ܽ ∙ ݔ௜ െ ܾሻ ൌ 0 (3.3-7) 
 
By combining and solving Equation 3.3-6 and Equation 3.3-7, the slope ܽ and intercept 
ܾ can be estimated: 
 
ܽ ൌ ሺ௡∙∑௫೔∙௬೔ሻିሺ∑௫೔∙∑௬೔ሻሺ௡∙∑௫೔మሻିሺ∑௫೔ሻమ 	 (3.3-8) 
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ܾ ൌ ൫∑௫೔మ∙∑௬೔൯ିሺ∑௫೔∙∑௫೔∙௬೔ሻሺ௡∙∑௫೔మሻିሺ∑௫೔ሻమ  (3.3-9) 
 The least square method for power-laws 3.3.3
When the relationship between x and y is described by a power-law (Equation 3.3-10), 
such as creep strain rate vs stress, creep crack growth rate vs C*, the least square 
method can be modified by making some simple mathematical manipulations. 
 
ݕ ൌ ܽ ∙ ݔ௕ (3.3-10) 
 
This equation can be transformed to a straight line in a linear scale by a logarithm to 
base 10 transformations; hence it is sometimes called log-linear regression. Then it 
becomes: 
 
logሺݕሻ ൌ logሺܽሻ ൅ ܾ ∙ logሺݔሻ	 (3.3-11) 
 
Similar to Equation 3.3-2, assume Equation 3.3-11 is also subjected to a random 
error݁௜, then the regression function becomes: 
 
logሺݕ௜ሻ ൌ logሺܽሻ ൅ ܾ ∙ logሺݔ௜ሻ ൅ ݁௜, ݋ݎ	ݕ௜ ൌ ܽ ∙ ݔ௜௕ ∙ 10௘೔ (3.3-12) 
 
Then apply the approach discussed in Section 3.3.2 and find the best value of ܽ	and	ܾ. 
The random error is normally distributed in log scale (10 based) with ݉݁ܽ݊ ൌ 0. The 
above approach is the simple linearization of a power-law to make use of the least 
square method for simple linear regression. 
 
3.4 Probability distribution 
 Normal distribution 3.4.1
In statistics, normal distribution, also known as Gaussian distribution is a very common 
continuous probability distribution, which is widely used in the natural and social 
sciences to represent real-valued random variables whose distributions are not known. 
Equation 3.4-1 is the probability density function (PDF) of normal distribution forms an 
bell-shape curve as shown in Figure 3.4-1. 
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݂ሺݔ, ߤ, ܵܦሻ ൌ ଵௌ஽√ଶగ ݁
ିሺೣషഋሻమమೄವమ  (3.4-1) 
ܵܦ is the standard deviation and ߤ is the mean (or expectation) of the distribution. As a 
continuous probability distribution, the total area under the bell curve is equal to 1, and 
probability that a normal random variable is less or equal to a particular value, eg a, 
equals to the area under the bell curve bounded by a and minus infinity.(as the shaded 
area shown in Figure 3.4-1. 
 
 
Figure 3.4-1 Probability density function of normal distribution. 
 
Therefore, for every normal distribution, it follows the so-called empirical rule as shown 
below: 
 
About 68% of the area under the curve falls within 1 standard deviation of the mean. 
About 95% of the area under the curve falls within 2 standard deviations of the mean. 
About 99.7% of the area under the curve falls within 3 standard deviations of the mean. 
 
This means for a given normal distribution, most outcomes will be within three standard 
deviations of the mean. Integration of Equation 3.4-2 gives the cumulative density 
function: 
 
ܨሺݔ, ߤ, ܵܦሻ ൌ ଵଶ ቂ1 ൅ ݁ݎ݂ ቀ
௫ିఓ
ௌ஽√ଶቁቃ (3.4-2) 
 
Where in this equation, ݁ݎ݂ሺܺሻ is error function. 
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In addition, when ߤ ൌ 0, SD ൌ 1, the distribution is called standard normal distribution, 
is PDF is denoted by Φሺݑሻ: 
Φሺݖሻ ൌ ௘షబ.ఱ೥
మ
√ଶగ  (3.4-3) 
 
In Equation 3.4-3, z is called standard score or z-score, which can be used in 
calculation of confidence interval or linear regression. Every normal random variable, X 
(with mean of ߤ and standard deviationܵܦ), can be transformed to z-score as follows: 
 
ݖ ൌ ௑ିఓௌ஽  (3.4-4) 
 
More discussions about z-score can be found in Section 3.2.6. 
 
 Lognormal distribution 3.4.2
Lognormal distribution is a continuous distribution in which the natural logarithm of a 
variable has a normal distribution, ie if ܻ ൌ ln	ሺܺሻ is normally distributed, the variable X 
will be lognormally distributed. Lognormal distribution is commonly used for general 
reliability analysis, creep strain rate, creep crack growth rate or fatigue endurance, and 
so on.[13] Its PDF can be written as: 
 
݂ሺݔ, ߠ, ߪ,݉ሻ ൌ ୣ୶୮	ሺି
ሺౢ౤	ሺೣషഇ೘ ሻሻమ
మ഑మ ሻ
ሺ௫ିఏሻఙ√ଶగ  (3.4-5) 
 
Where ߪ is the shape parameter, which is the standard deviation of the log of the 
distribution. ߠ is the location parameter and ݉ is the scale parameter. ݉	 is also known 
as the median of the distribution. If ߠ ൌ 0, Equation 3.4-5 can be written as below, and 
this distribution is called 2-parameter lognormal distribution. 
 
݂ሺݔ, ߪ,݉ሻ ൌ ୣ୶୮	ሺି
ሺౢ౤	ሺ ೣ೘ሻሻమ
మ഑మ ሻ
௫ఙ√ଶగ  (3.4-6) 
 
In practice, the lognormal distribution is commonly parameterized with the mean 
ofߤ ൌ ln	ሺ݉ሻ, then, Equation 3.4-6 yields: 
 
݂ሺݔ, ߪ, ߤሻ ൌ ୣ୶୮	ሺି
ሺౢ౤ೣషഋሻమ
మ഑మ ሻ
௫ఙ√ଶగ  (3.4-7) 
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Figure 3.4-2 shows the flexibility of the lognormal distribution depending on the 
standard deviation, assuming ߤ ൌ 0. A variable might be modelled as log-normal if it 
can be thought of as the multiplicative product of many independent random variables, 
each of which is positive [13]. Lognormal distribution has a few connections as normal 
distribution, for example since	lnሺ1ሻ ൌ 0, for the lognormal distribution with same	ߤ; all 
CDF curves intersect each other at a specific point. This is also consistent with what 
was observed for normal distribution. Figure 3.4-3 shows when ߤ ൌ 0, all lognormal 
distribution CDF curves intersect as point at ݔ ൌ 1	 for a probability of 0.5. However, 
compared with normal distribution, lognormal distribution will be more suitable for 
analysing the variables which cannot be negative in nature, eg corrosion rate, creep 
strain rate, etc. 
 
 
Figure 3.4-2 Probability density function of lognormal distribution with ࣆ ൌ ૙, and 
different standard deviation. 
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Figure 3.4-3 Cumulative density function of lognormal distribution with ࣆ ൌ ૙ , and 
different standard deviation. 
 
 Weibull distribution 3.4.3
The family of Weibull distribution was first published by Professor Waloddi Weibull in 
the Proceedings of the Royal Swedish Institute for Engineering Research [14]. 
Equation 3.4-8 is the PDF of Weibull distribution. The shape parameter ߚ illustrates the 
flexibility of the Weibull distribution, as shown in Figure 3.4-4a and 3.4-4b. 
 
݂ሺݔ, ߟ, ߚሻ ൌ ఉఎ ∙ ቀ
௫
ఎቁ
ఉିଵ ∙ ݁ିሺ
ೣ
ആሻഁ (3.4-8) 
 
 
a) Probability Density Function (PDF). 
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b) Cumulative Density Function (CDF). 
 
Figure 3.4-4 Weibull distribution with ࣁ=0, and different shape parameter ࢼ. 
 
ߚ  is the shape parameter, ߟ  is the scale parameter, which is also referred as 
characteristic life in structure reliability analysis. Weibull distribution is one of the most 
popular statistical distributions to model time-to- failure in reliability engineering. 
Especially when in the absence of large sets of failure data, the Weibull functions are 
still useful as a starting point since the parameters involved describe both the manner 
of failure and the time to failure. 
 
Equation 3.4-9 is the CDF of Weibull distributions. When use Weibull distribution to 
analysis time-to-failure (t) data and the Weibull ߚ parameter is equal to 1, the Weibull ߟ 
parameter or characteristic life can be equivalent to the Mean Time between Failure 
(MTBF). 
 
ܨሺݐ, ߟ, ߚሻ ൌ 1 െ exp	ሺെሺ௧ఎሻఉሻ (3.4-9) 
 
Another important usage of Weibull distribution is to fit data based on the Extreme 
Value Distribution (bounded). Various techniques for such regression can be found in 
literatures. Equation 3.4-10 is called the log-likelihood function used in maximum 
likelihood estimation (MLE) method, which is one of the popular methods to determine 
the scale parameter (characteristic life) η  and shape parameterβ  when conducting 
historical inspection data analysis. 
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݈ሺߟ, ߚ; ݐሻ ൌ ݈݉݋݃ݐ െ ݉ߟ݈݋ ݃ሺߚሻ ൅ ሺߚ െ 1ሻ∑ ݈݋݃ሺݐ௜ሻ௠௜ୀଵ െ ∑ ሾ௧೔ఎሿఉ௠௜ୀଵ  (3.4-10) 
 
Simulation studies have shown MLE are consistently hard to beat. It has various 
advantages, such as, it is versatile in using censored data, and it is easy for finding 
confidence intervals. 
 
3.5 Estimation of probability of failure 
In the literature a large variety of simulation techniques can be found to estimate the 
probability of failure as part of the structure reliability analysis, which has all the origin 
in the principles of the so-called Monte Carlo method. At meantime, the First/Second 
Order Reliability Method (FORM / SORM) has been significantly refined and extended 
since it was developed decades ago, and by now it forms one of the most important 
methods for reliability evaluations in structure reliability theory. 
 
Compared with FORM / SORM, simulation techniques have proven their value 
especially for problems where the representation of the limit state function is 
associated with difficulties. Such as, when the limit state function is not differentiable or 
when several points contribute to the failure probability. However, FORM / SORM 
analysis, as an advanced technique, has its advantages, which can help to avoid the 
problems caused by sampling. 
 
 Monte Carlo method 3.5.1
The Monte Carlo method is a statistical approach which generates input randomly from 
a probabilistic distribution and performs deterministic assessment for every trail. A limit 
state (domain) is defined so that the probability of failure can be obtained by calculating 
the ratio of number of unsafe results to the number of total results. This method is often 
used in physical and mathematical problems, especially when it is difficult or impossible 
to use other mathematical methods. 
 
The modern version of the Monte Carlo method was invented in the late 1940s by 
Stanislaw Ulam, while he was working on nuclear weapons projects at the Los Alamos 
National Laboratory [15]. 
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In the Monte Carlo method, the estimated probability that a crack initiates, or creep 
rupture occurs in a given component is then simply the ratio of the number of trails 
which crack or rupture divided by the total number of trails for that component [13]. 
Alternatively, the failure frequency can be estimated by the ratio of the total number of 
failure in a given year divided by the total number of simulations, each of which covers 
the whole population of components. 
 
The accuracy level of the Monte Carlo method can be increased by increasing the 
number of iterations. Random sampling is the preferred technique when sufficiently 
large samples are possible to obtain enough confidence in the results. So now the 
question is what does “sufficiently large samples” mean, ie how many iterations need to 
be performed in order to obtain a specified accuracy in the result. 
 
The answer of this question is that it depends on the confidence interval and 
confidence level required [11]. Assume we are dealing with a large size sample, with 
mean ̅ݔ  and standard error of SE.	 According to the discussion in previous section, 
depending on the required confidence level, ߙ ൌ 95% for example, the margin of error 
between sample mean ̅ݔ  and population mean ߤ  can be calculated using 
Equation 3.2-15 or Equation 3.2-17 if the size of the sample is small. Therefore, the 
percentage error of the mean becomes: 
 
݁ݎݎ݋ݎ ൌ ଵ଴଴௫̅ ∙ ݉ܽݎ݃݅݊	݋݂	݁ݎݎ݋ݎ ൌ
ଵ଴଴
௫̅ ∙
ௌ஽
√௡ ∙ ݖ௖ (3.5-1) 
 
Transforming for n yields: 
 
݊ ൌ ቀଵ଴଴∙௭೎∙ௌ஽௘௥௥௢௥∙௫̅ ቁ
ଶ
 (3.5-2) 
 
Equation 3.5-2 can be read as: if the simulation is run for n iterations, it has 95% 
confidence level that the calculated results will not differ by more than, for example, 
݁ݎݎ݋ݎ ൌ 5% from the true condition. 
 
In addition, according to Equation 3.5-2, the error term in the output decreases with ଵ√௡ 
since other parameters are all constant. However, if a very high accuracy level is 
required, a large number of iterations will be expected, which may not easy to carry out 
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in practice. Therefore, it will be helpful if there is any technique which is available for 
achieving higher accuracy with less iteration. 
 
In practical reliability assessment problems where typical failure probabilities are in the 
order of 10-3 – 10-6 this in turn leads to the effect that the variance of the estimate of 
failure probability will be rather large unless a sufficient amount of iterations are 
performed. To overcome this problem, there are various different variance reduction 
techniques which have been proposed aiming at, with the same number of iterations, to 
reduce the variance of the estimated probability. One of the most commonly applied 
techniques for accuracy improvement in structural reliability applications is named as 
the “importance sampling” method. 
 
Importance sampling is based on the idea that certain values of the input random 
variables in a simulation have more impact on the parameter being estimated than 
others. If these "important" values are emphasized by sampling more frequently, then 
the variance can be reduced. Hence, the basic methodology in importance sampling is 
to choose a distribution which "encourages" the important values, ie such region of 
most contribution to probability integral a shown in Figure 3.5-1. Therefore, the 
importance sampling is also believed as one of the most commonly applied techniques 
for utilisation of FORM analysis in cooperation with simulation techniques. 
 
 
Figure 3.5-1 failure surface for FORM analysis. 
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3.7 Nomenclature 
ܽ, ܾ  The regression parameters 
ܤሺߙ, ߚሻ  Beta function 
݁௜   The random error 
ܧሺܽ, ܾሻ   The associated error  
݁ݎ݂ሺܺሻ   Error function 
ܧሺܺሻ  The expected value of the continuous random variable, X 
݂ሺݔሻ  Probability density function 
ܨሺݔ, ߤ, ߪሻ   cumulative density function 
݉   The scale parameter of a lognormal distribution 
N The finite number of observations in the population 
n The finite number of observations in the sample 
௜ܲ  The discrete random variable associated probability  
s Calculate standard deviation of a sample  
SD Calculate standard deviation of population 
ݐఈ,ఔ  Cumulative distribution function for a given significance levelߙ of a t-
distribution 
t Time to failure 
̅ݔ  Arithmetic mean of the sample 
ݔ௜  The discrete random variable 
X  Explanatory variable used for regression 
Y  Dependent variable used for regression 
ݖఈ   Cumulative distribution function for a given significance levelߙ of a standard normal distribution 
Φሺݖሻ   CDF of a standard normal distribution for a standard score, z 
ߠ   The location parameter of a lognormal distribution 
ߚ  The shape parameter of a Weibull distribution 
ߟ  The scale parameter of a Weibull distribution 
ߤ  The average value of a population 
ߪ  Standard deviation of a continuous random variables 
߭  Degree of freedom 
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3.8 Abbreviation 
FORM First Order Reliability Method 
CI Confidence interval 
SE Standard error 
DoF Degree of freedom 
PDF Probability density function 
CDF Cumulative density function 
MTBF Mean Time between Failure 
MLE Maximum likelihood estimation 
SORM Second Order Reliability Method 
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Chapter 4 Materials and 
Experimental testing Procedure 
 
4.1 Material of Testing 
Two sets of material were selected to conduct the experimental tests; Service exposed 
welded Grade 91 and as-received welded Grade 91. The service exposed material was 
provided from a steam piping by Ishikawa Heavy Industry (IHI) in two welded segments 
and the as-received material was provided by Versailles Project on Advanced Materials 
and Standards (VAMAS) in two blocks; one only for parent material and the other with 
a butt weld. The author appreciates the importance of background information for these 
two materials; however, after communication with the material providers, it was not 
possible to obtain all the desired information regarding the history of this material. In 
particular two critical information could not be provided: 
 
1- Heat treatment history of the steel which is a critical factor for Grade 91 steels [1] 
2- Service condition (eg. temperature, stress and duration) for the service exposed 
material. 
 
To understand the background of the material used in this experimental work, several 
analyses and tests were carried out prior to the uniaxial and CCG experiments. This 
includes composition analysis, identification of mechanical properties (ie. yield and 
tensile strength at room temperature), hardness measurement and pre-test 
metallography to make sure the microstructure is tempered martensite [1]. In addition 
metallographic examination was carried out on the service exposed material to 
investigate the level of creep damage remained from the service exposure. The results 
of all this examination are provided in this chapter. 
 
Table 4.1-1 provides the chemical compositions for the base and weld metals in the 
service exposed and as-received Grade 91 materials, respectively.  
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Table 4.1-1 Chemical composition 
Sample No C Si Mn P S Cr Mo Ni Al As Co 
Ex-service 
Grade 91 
parent 
0.10 0.32 0.48 0.010 <0.002 8.5 0.97 0.07 0.02 <0.01 <0.01 
Ex-service 
Grade 91 
weld 
0.07 0.22 1.46 0.010   0.004 8.8 0.97 0.61 0.01 <0.01 <0.01 
As-received 
Grade 91 
parent 
0.11 0.37 0.46 0.012 <0.002 8.5 0.97 0.09 0.03 <0.01 <0.01 
As-received 
Grade 91 
weld 
0.08 0.21 0.93 0.010   0.004 8.9 0.92 0.62 0.01 <0.01   0.01 
 N Cu Nb Pb Sn Ti V W    
Ex-service 
Grade 91 
parent 
0.046 0.02 0.09 <0.002 <0.005 <0.005 0.20 <0.05 
   
Ex-service 
Grade 91 
weld 
0.03 0.01 0.06 <0.002 <0.005 <0.005 0.22 <0.05 
   
As-received 
Grade 91 
parent 
0.049 0.04 0.09 <0.002 <0.005 <0.005 0.19 <0.05 
   
As-received 
Grade 91 
weld 
0.032 0.15 0.06 <0.002 <0.005 <0.005 0.18 <0.05 
   
 
This composition is considered to be in the range of what the standard specifies prior to 
2013 [2].  However, more recent development led ASME standards to limit the amount 
of Aluminium (Al) to 0.02 [3] which in turn implies that the as-received parent material 
exceeds this limit based on the new specification. The problem appears to be the 
generally poor creep strength of the Type IV zone, exacerbated in casts with lower 
nitrogen to aluminium ratio. Most cracking has been associated with a ratio less than 2 
[4, 5]. It can be seen from Table 4.1-1 that the chemical composition of the weld and 
parent material are reasonably comparable. However, the amount of Manganese (Mn) 
is higher in the weldment of the service exposed Grade 91 compared to the rest of the 
materials. But no reference to discuss the major effect of this element was found. 
 
Tensile testing was carried out on the parent material from the service exposed Grade 
91 material at room temperature. Table 4.1-2 provides the results. 
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Table 4.1-2 Results from the room temperature tensile test  
Specimen Position 
Dimensions 
0.2% Proof Stress Max Stress El RA
Size CSA GL 
mm mm2 mm MPa MPa % % 
Circumferential Direction 8 50.27 5d 467 630 25.5 66 
Longitudinal Direction 8 50.27 5d 470 628 26.5 67 
 
Metallographic examination and hardness tests were performed on the weld, HAZ and 
parent material to characterise the materials prior to the creep test. Metallography was 
carried out by grinding, polishing and etching (2.5% picric / 2.5% HCl in ethanol) of the 
surface of a few specimens to reveal the microstructures and to investigate the location 
of failure in the uniaxial tests and the crack path in CCG experiments. Figure 4.1-1 and 
4.1-2 show the microstructure of different parts of the as-received and service exposed 
Grade 91 weldments. 
 
  
a) Macro image b) Parent image X200 
  
c) HAZ X200 d) Weld metal X200 
Figure 4.1-1 Macro and micro images from the service exposed Grade 91 material. 
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a) Macro image b) Parent material X200 
  
c) HAZ X200 d) Weld metal X200 
Figure 4.1-2 Macro and micro images from the as-received Grade 91 material. 
 
Micro hardness (low load Vickers) survey was also carried out on both service exposed 
as well as as-received materials. Table 4.1-3 provides the results from the hardness 
test. 
 
Table 4.1-3 Results from the hardness (Vickers) test (minimum of 10 measurements 
for each location) 
 
Parent Material HAZ Weld metal 
Min Average Max Min Average Max Min Average Max 
Service exposed 
Grade 91 169 198 223 189 224 268 211 232 265 
As-received Grade 
91 201 205 210 204 236 269 250 260 274 
 
The hardness test was performed in accordance to BS EN ISO 6507 [6]. 500g loading 
was applied on the polished surface of the material for 10 seconds at each location 
(ie parent material, HAZ and weld metal). The dimension of the area of indentation was 
then measured and the hardness value was obtained from the standard [6]. According 
to the standard [2], pipe of Grade 91 (parent material) shall have a hardness not 
exceeding 250HB/265HV (25HRC). Table 4.1-3 shows that in both service exposed 
and as-received materials, welds generally have a higher value of hardness in 
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comparison with the parent material. Also the service exposed material, in general 
shows a lower hardness level when compared to the as-received material which 
indicates a degree of softening due to creep service. 
 
A residual stress measurement was performed on the ex-service Grade 91 material 
before machining the samples. This was to make sure if a high level of residual stress 
exists in the weldment, the effect is taken into the consideration when data analysis is 
performed. The work was carried out using neutron diffraction method at GKKS in 
Germany [7]. It was concluded that no residual stresses are present with magnitudes 
that would normally be expected from such a weld. The reason could probably be the 
cutting of the sample out of the welded tube. 
 
4.2 Test specimens 
Two main types of specimen were produced for experimental testing: 
 
1. Uniaxial creep specimens were manufactured from all-weld, cross weld and parent 
material of the service exposed Grade 91 and from the parent material and cross 
weld of the as-received Grade 91. The specimen geometry complied with 
BS EN ISO 204:2009 [8]. All specimens were machined identical with a gauge 
(parallel) length of 28.16mm and an average diameter of 6mm. Due to the fact that 
after specimen machining, an embedded flaw could become a surface-breaking 
defect, all the weld and cross weld samples were tested non-destructively (ie with 
Magnetic Particle Inspection - MPI) to ensure a surface breaking flaw will not 
interfere in pre-mature failure. It is well established that higher thickness of uniaxial 
creep specimen provides higher constraint level and this is especially crucial for the 
cross weld specimens [9-11], however in this case, the size of specimens was 
dictated by the availability of material. As explained above the size for all uniaxial 
specimens was kept identical to provide a benchmarking advantage across all 
tests. Finally, as it will be discussed in chapter 5 and 6, the uniaxial data produced 
in this experimental work from the as-received Grade 91 steel are within the 
predicted scatter band of the Grade 91 steel. This was not the case for cross weld 
specimens from the service exposed steel which is discussed in chapter 5. 
2. Compact Tension (CT) specimens were manufactured in accordance with 
ASTM E1457-07e2 [12] in the way that crack propagation plane only passed one 
material: weldment, HAZ or parent material. The recommended CT specimen size 
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from ASTM is one with the width W=50mm (and B=25mm). However, due to 
shortage of material, it was practically infeasible to manufacture the CT specimen 
from the weldment in the as-received Grade 91 material. As a result, specimens 
with smaller dimensions of width W=32mm (and B=12.5) had to be manufactured 
from this material. The effect of the specimen size on CCG test results is discussed 
in 5.6.2. To eliminate the effect of size difference when comparing the final test 
results and to be consistent for all CCG experiments, the same size CT specimens 
(W=32 and B=12.5) were also manufactured from the service exposed material. To 
simulate the starter crack, an Electric Discharge Machining (EDM) technique was 
used to create the notch at the centre of CT specimens where the material of 
interest (ie Parent Material, HAZ or weld) was located. 
 
Figure 4.2-1 illustrates the way these specimens were removed from the original 
material blocks. EDM technique was used to extract the specimens. The specimens 
were extracted in the way that the material of interest for the test (ie Parent metal, HAZ, 
weld) are located at the middle of the sample where the gauge length is for uniaxial 
specimens and where the crack path is located for CT specimens. 
 
Figure 4.2-2 provides the details of uniaxial and C(T) specimens used in this 
experimental work. 
 
 
 
 
Weld 
CT 
HAZ
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a) CT and Uniaxial specimens extracted from Grade 91 as-received material (single 
bevel-prep weld). 
 
Figure 4.2-1 CT and Uniaxial specimens extracted from as-received Grade 91 block 
and service exposed Grade 91 pipe segment. 
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b) CT and Uniaxial specimens extracted from Grade 91 service exposed pipe segment 
(single V weld) 
 
Figure 4.2-1 (continued) CT and Uniaxial specimens extracted from as-received Grade 
91 block and service exposed Grade 91 pipe segment. 
 
    
a) Uniaxial Specimen. 
 
Figure 4.2-2 Details of geometry for uniaxial and CT specimens used in this 
experimental work. 
 
Weld 
62 
 
b) CT Specimen. 
 
Figure 4.2-2 (continued) Details of geometry for uniaxial and CT specimens used in 
this experimental work. 
 
Side grooves were machined to ensure the crack path follows a straight line as close 
as possible. Because creep is highly dependent on the level constraint, the growth can 
be higher at the middle of the specimen compared to the edges where plane stress 
condition with lower constraint is satisfied. Side groove increases the constraint level at 
the edges and as a result plane strain condition is promoted. Therefore, by putting side 
grooves in place it is expected to have less curvature at the crack tip when the test is 
completed. The depth and the angle of the side-grooves was selected as per 
recommendation from [12]. 
 
4.3 Experimental Procedures 
The experimental tests were focused on uniaxial creep tests as well as CCG tests on 
Grade 91 weldment and parent materials. All the creep tests in this research work were 
conducted at 600oC as this is the nominal operating temperature for super critical 
power stations which have utilised Grade 91 material in their steam header and piping. 
All tests were performed under condition of accelerated stress compared to the service 
stress (40 to 60 MPa) due to the time constraint of the project. However, the effect of 
extrapolating short-term test results under accelerated condition to the longer-term 
service condition is extensively discussed in chapter 6. The creep uniaxial tests were 
all conducted at the creep laboratory in TWI and the CCG tests at Imperial College. In 
all creep tests, dead-weight load machines were used with a lever arm ratio of 1:10. 
Table 4.3-1 provides the creep test matrix for this research work. 
22
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Table 4.3-1 Creep test matrix 
Uniaxial creep test (number of test) 
 Parent Material 
All weld 
metal 
(A) 
Cross weld 
(B) 
Service exposed Grade 91 4 3 3  
As-received Grade 91 3 - 3  
Creep Crack Growth (number of test) 
 Parent Material Weld metal HAZ 
Service exposed Grade 91 5 1 3 
As-received Grade 91 2 - 1 
 
 Uniaxial creep test 4.3.1
A total number of 16 uniaxial creep tests were carried out at TWI creep laboratory 
using dead-weight load machines. Procedure from [8] was followed. The aim was to 
establish uniaxial creep parameters such as rupture time and failure strain and also 
creep strain rate at different creep stages. All sample geometries were kept consistent 
for the purpose of comparison later on. All tests were carried out at 600oC in a 3-zone 
furnace in order to control the temperature within 600+ 3oC. Thermocouples were 
attached to top, middle and bottom of the sample to monitor the temperature and its 
variation. Displacement vs time was recorded in a computer logging system. 
 
The strain and strain rate were measured with external extensometer attached to a 
linear variable displacement transducer (LVDT). This is the standard approach when 
dealing with homogenous material (eg. parent material). However other techniques 
such as high temperature strain gauge, Digital Image Correlation (DIC), etc. may be 
utilised if the measurement of local strain is necessary in heterogonous material (eg. 
cross weld specimen). In this research work the standard method was used across all 
the tests and therefore the strain rate reported for the cross weld specimens are the 
average of three strain rate alone the specimen (parent material, HAZ and weld metal). 
The fact that majority of the strain is located at the HAZ or the weld, reduces the error 
of the averaging method.  
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 Creep Crack Growth (CCG) tests 4.3.2
4.3.2.1 Test procedure 
The tests were carried out as per guidelines from the ASTM standard, E1457-07 [12]. A 
total number of 16 tests were carried out. The aim is to find the crack growth rate at 
different high temperature fracture mechanic parameters, C* as well as stress intensity 
factor, K. Similar to the uniaxial tests, dead-weight machines were used with a lever 
arm ratio of 10:1. The displacement was measured using LVDT's outside of the 
furnace, which was calibrated using a micrometre as will be explained in the next 
chapter. The thermocouples were attached to top, middle and bottom of the sample to 
control the temperature through the sample gauge length within 600 + 3oC. 
 
The crack length was measured using the direct current potential drop (DCPD) method; 
this was done by running a current across a sample and measuring the voltage 
difference across the crack using two wires on either side of the crack on opposite 
faces of the sample. Figure 4.3-1 provides the set-up configuration of CCG 
experiments. 
 
 
Figure 4.3-1 CCG test set-up. 
 
As the crack grows, the voltage increases and since the initial crack length, a0, and 
final crack length, af , are known, the instantaneous crack length, a, can be related to 
voltage, V , by the following equation: 
 
Potential Drop 
CT Specimen 
Thermocouple 
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ܽ ൌ ܽ଴ ൅ ൫ܽ௙ െ ܽ଴൯ ൤ ௏ି௏బ௏೑ି௏బ൨ (4.3-1) 
 
Where Vo and Vf are the initial and final voltages measured. The final crack length was 
measured on the fracture surface at the end of each test by break opening of the 
sample. Figure 4.3-2 shows a typical cross section of a creep sample. The darker 
region is where the creep crack growth took place. The area of this region was 
measured on computer software and this was then divided by the net thickness of the 
specimen to get the crack length. Several measurements were performed on the plane 
of the crack to identify the crack length and an average value was considered. 
 
 
 
 
Figure 4.3-2 Broken open sample with creep area identified. 
 
4.3.2.2 Loading 
Creep crack growth tests are usually loaded based on a stress intensity factor, K, to 
allow an easy comparison to previous tests carried out. The K value was calculated 
using Equation 4.3-2 [13]: 
 
ܭ ൌ ܻ ቀ௔ௐቁ ߪ√ܽ (4.3-2) 
 
For the C(T) specimen: 
 
ߪ ൌ ௉ௐඥ஻஻೙ (4.3-3) 
 
And, 
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m
m
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ܻ ቀ௔ௐቁ ൌ ට
௔
ௐ ቎
ଶାೌೈ
ቀ௔ିೌೈቁ
య
మ
቏ ݂ ቀ௔ௐቁ (4.3-4) 
 
Where ݂ ቀ௔ௐቁ is the shape function and for C(T) specimen given as: 
 
݂ ቀ௔ௐቁ ൌ 0.866 ൅ 4.64 ቀ
௔
ௐቁ െ 13.32 ቀ
௔
ௐቁ
ଶ ൅ 14.72 ቀ௔ௐቁ
ଷ െ 5.6 ቀ௔ௐቁ
ସ
 (4.3-4) 
 
4.3.2.3 Experimental Determination of C* 
For the experimental work, the C* parameter was estimated using the load line 
displacement method, using the Equation 4.3-5: 
 
ܥ∗ ൌ ௉∆ሶ ೎஻೙ሺௐି௔ሻ ܪߟ (4.3-5) 
 
Where:  
 
ܪ ൌ ௡௡ାଵ (4.3-6) 
 
And when 0.4 < (a/W) < 0.7, then ߟ ൌ 2.2 for CT specimen. 
 
∆ሶ ௖	in Equation 4.3-5 is the Load Line Displacement (LLD) rate for creep and is given as: 
 
∆ሶ ௖	ൌ ∆ሶ ்	 െ ∆ሶ ௘	 െ ∆ሶ ௣	 (4.3-7) 
 
Where ∆ሶ ்	 is the total displacement rate, ∆ሶ ௘	 is elastic displacement rate and ∆ሶ ௣	 is the 
plastic displacement rate. ∆ሶ ௣	can be neglected (because very small compared to the 
elastic and creep strain) and the elastic displacement rate is given as below: 
 
∆ሶ ௘ൌ ௔ሶ஻೙௉ ቂ
ଶ௄మ
ாᇲ ቃ (4.3-8) 
 
Where E’ is the effective elastic modulus (E/(1-ν2) for plane strain and E for plane 
stress; E is module of elasticity). 
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4.3.2.4 Validity Criteria 
The validity criteria were adopted from ASTM 1457-07 [12]. There are three major 
conditions to be satisfied that make a valid CCG experiments. This includes: 
 
1- Applicability of C* is only limited to “creep ductile” materials. These materials are 
capable of undergoing a significant amount of creep strain prior to failure [14]. To 
quantify this properties, the following equations provides the boundary condition: 
 
∆ሶ ೎	
∆ሶ ೅	 ൒ 0.5 (4.3-9) 
 
2- The transition time needs to be exceeded. From [12], this transition time, tT, can be 
estimated using the following equation: 
 
ݐ் ൌ ௄
మ൫ଵିఔమ൯
ாሺ௡ାଵሻ஼∗ሺ௧೅ሻ (4.3-10) 
 
Since this parameter is a function of time due to its dependency on C*, the calculation 
needs to be performed to each data point in iteration form and the maximum value 
calculated from the data set is considered as the representative value for tT. 
 
3- The minimum of crack extension needs to be beyond 0.2mm for a data point to be 
considered as a valid result. The crack at the end of each test was measured, after 
breaking the specimen, at several points across the width of the specimen and the 
average was reported. 
 
 Hardness Mapping 4.3.3
To have high resolution of hardness properties across Grade 91 weldment, In-house 
Struers fully automatic Vickers hardness machine was used to develop a hardness 
map for Grade 91 Parent Material, different parts of HAZ and the weld metal. Prior to 
any testing, the machine was calibrated using a hardness reference block. The 
operation begins by lowering the stage and placing a relevant hardness reference 
block on the centre of the stage. This test was carried out by applying 300g. Duration of 
10 seconds is usually selected. Once the hardness reference block is in focus an 
indent Vickers impression is made which is then automatically read by the machine and 
recorded in the project folder created. Once the machine has been approved to be in 
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satisfactory working condition, it can then proceed with the exercise (ie hardness 
mapping). 
 
A hardness mapping is normally carried out by placing an etched sample under the 
viewing lens. Once an image is captured, a reference grid is created on the sample to 
be tested by the Struers software. The grid reflects the spacing between the indents 
chosen which could be as many as 2500 for a hardness mapping. Once all parameters 
are setup the test could began which normally takes 20 hours to complete 
(ie overnight). When all the measurements are gathered, they are imputed in to an 
excel calculation sheet which in turn creates a 2D map of the hardness results. 
4.4 References 
1. Parker J. D. ‘In-service behaviour of creep strength enhanced ferritic steels grade 
91 and grade 92 – Part 1 parent material’, International journal of pressure vessels 
and piping, 101 (2013) 30-36 
2. ASME B31.1, ‘Power Piping’, American Society for Mechanical Engineers, 2007. 
3. ASME B&PV Section II, Part A, ‘Ferrous Material Specifications’. American Society 
for Mechanical Engineers, 2013. 
4. Brett S.J. ‘Type IV cracking on two retrofit P91 steel headers’, OMMI, (Volume 5, 
Issue 2) Aug. 2008. 
5. S. J. Brett, J. S. Bates & R. C. Thomson, ‘Aluminium Nitride Precipitation in Low 
Strength Grade 91 Power Plant Steels,’ EPRI - 4th International Conference on 
Advances in Materials Technology for Fossil Power Plants, South Carolina, October 
25 – 28, 2004, EPRI, Palo Alto, Ca., USA. 
6. BS EN ISO 6507-1, ‘Metallic materials. Vickers hardness test. Test method’, 2005. 
7. GKKS Report 2010, ’ Residual stress analysis on a welded steel tube section using 
neutron diffraction by Dr Peter Staron. 
8. BS EN ISO 204:2009, ‘Metallic materials. Uniaxial creep testing in tension. Method 
of test’. 
9. Williams J. A. ‘A Simplified Approach to the Effect of Specimen Size on the Creep 
Rupture of Cross Weld Samples’, J. Eng. Mater. Technology 104(1), 36-40, 1982. 
10. Storesund J. Shan Tung Tu, ‘Geometrical effect on creep in cross weld specimens’, 
International Journal of Pressure Vessels and Piping, Volume 62, Issue 2, Pages 
179–193, 1995. 
11. Segle P, S.-T. Tu, Storesund J. Samuelson L.A. ‘Some issues in life assessment of 
longitudinal seam welds based on creep tests with cross-weld specimens’, 
69 
International Journal of Pressure Vessels and Piping, Volume 66, Issues 1–3, 
Pages 199–222, 1996. 
12. ASTM, E1457-07e2. Measurement of creep crack growth times in metals. ASTM 
International; 2007. 
13. Srawley, J. E., “Wide Range Stress Intensity Factor Expressions for ASTM 399 
Standard Fracture Toughness Specimens,” Int. Journal of Fracture Mechanics, Vol 
12, 1976, pp. 475–476. 
14. A.Toshimitsu Yokobori Jr.a ‘Difference in the creep and creep crack growth 
behaviour between creep ductile and brittle materials’, Engineering Fracture 
Mechanics, Volume 62, Issue 1, January 1999, Pages 61–78. 
 
 
70 
4.5 Nomenclature 
af Final crack length 
a0 Initial crack length 
A Instantaneous crack length 
A Crack size 
B Thickness  
C* steady state creep correlating parameter (MJ/m2.h) 
E’ Effective elastic modulus for plane strain 
E Module of elasticity 
K Stress intensity factor 
ݐ்  Transition time 
V Voltage  
Vo Initial measured voltages  
Vf Final measured voltages 
W Width  
Y non-dimensional function of crack size and geometry 
ߪ  Applied stress 
ߟ  Specimen coefficient (equal to 2.2 for CT) 
∆ሶ ௖	  Load Line Displacement rate for creep 
∆ሶ ்	  Total displacement rate 
∆ሶ ௘	  Elastic displacement rate 
∆ሶ ௣	  Plastic displacement rate 
 
4.6 Abbreviation 
CCG Creep Crack Growth 
IHI Ishikawa Heavy Industry 
VAMAS Versailles Project on Advanced Materials and Standards 
CT Compact Tension 
EDM Discharge Machining 
DCPD Direct current potential drop 
LLD Load Line Displacement 
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Chapter 5 Grade 91 Uniaxial 
Creep and Creep Crack Growth 
Experimental Test Results 
 
5.1 Uniaxial Creep Experimental Results  
As discussed in Section 4-1, the uniaxial creep experiments were carried out on a 
series of smooth bar specimens to determine the uniaxial creep properties of different 
parts of the weldment (ie BM, WM and HAZ) in the as-received and service exposed 
conditions. These uniaxial properties were then used in the NSW and NSW-MOD 
model to compare with the CCG results from the same material category and validate 
the predictive model as well as to evaluate the level of conservatism each model 
provides. This result is also used within the scatter band of Grade 91 data for further 
analysis in Chapter 6. It should be noted that the cross-weld specimen covers three 
regions of materials (PM, WM and HAZ) and it was impossible to accurately determine 
the uniaxial creep properties of the HAZ because of strain in other regions. 
Metallography was carried out two cross-weld specimens (one from service exposed 
and one from as-received material) to identify the location of failure relative to the weld 
zone. 
 
 Uniaxial creep test 5.1.1
A total number of 16 specimens were subjected to uniaxial creep test, all at 600OC (as 
the nominal temperature for super-critical power station) but various stress level.  
 
Table 5.1-1 provides a summary of the results for these tests. 
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Table 5.1-1 uniaxial creep experimental test results 
Sample ID Material and Condition 
Stress 
MPa 
Average 
Temp oC tr, (hour) 
Extension, 
mm 
ߝ௙ ߝெெீ௙ 
ߝሶ௦௦ ,  
 
1/hr 
ߝሶ௔௩௘ ,  
 
1/hr 
n nA A AA 
ExP1 Ex-Service Parent Material 155 599.6 161.0 5.414 0.19 0.09 3.7E-04 1.2E-03 12.8 4.7 3E-32 3E-14 
ExP2 Ex-Service Parent Material 135 600.0 1073.1 6.585 0.23 0.06 4.8E-05 2.1E-04 12.8 4.7 3E-32 3E-14 
ExP3 Ex-Service Parent Material 128 600.0 2261.6 5.196 0.18 0.06 2.4E-05 8.0E-05 12.8 4.7 3E-32 3E-14 
ExW1 Ex-Service  Weld metal 125 599.9 84.4 6.509 0.23 0.11 1.2E-03 2.7E-03 10 7.3 9E-25 1E-18 
ExC1 Ex-Service  Cross weld 120 599.8 199.0 6.551 0.23 0.06 2.6E-04 1.2E-03 8.2 7.3 4E-21 1E-18 
ExW2 Ex-Service  Weld metal 115 599.8 139.0 6.928 0.25 - 6.1E-04 1.8E-03 10 7.3 9E-25 1E-18 
ExC2 Ex-Service  Cross weld 115 599.6 158.0 6.634 0.24 0.06 3.2E-04 1.5E-03 8.2 7.3 4E-21 1E-18 
ExP4 Ex-Service Parent Material 120 599.2 3487 6.762 0.24 0.06 1.5E-05 6.9E-04 12.8 4.7 3E-32 3E-14 
ExW3 Ex-Service  Weld metal 95 600.3 855.4 5.165 0.18 0.07 8.0E-05 2.1E-04 10 7.3 9E-25 1E-18 
ExC3 Ex-Service  Cross weld 95 597.8 713.7 5.174 0.18 0.04 4.8E-05 2.5E-04 8.2 7.3 4E-21 1E-18 
AsC1 As-Received Cross weld 115 599.8 2706.6 1.369 0.05 0.03 7.9E-06 1.8E-05 - 9.6 - 2E-23 
AsC2 As-Received Cross weld 120  600.7 2007.9 0.275 0.0098 - 4.8E-06 4.9E-06 - 9.6 - 2E-23 
AsC3 As-Received Cross weld 125 601.0 1772.0  - 0.28 0.02 1.7E-05 1.6E-04 - 9.6 - 2E-23 
AsP1 As-Received Parent Material 125 600.1 6047.0  - 0.21 0.02 5E-07 3.5E-05 - 10.2 - 2E-26 
AsP2 As-Received Parent Material 115 601.0 9760.0  - 0.36 0.05 4.5E-06 3.7E-05 - 10.2 - 2E-26 
AsP3 As-Received Parent Material 135 600.2 2039.0  - 0.4 0.05 2.2E-05 2.0E-04 - 10.2 - 2E-26 
Note: 
ExP: Exposed to service Parent Material, ExW: Exposed to service Weld Metal, ExC: Exposed to service Cross Weld, 
AsC: As Received Cross Weld, AsP: As Received Parent material 
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The creep failure time at different stress level is plotted for each category of material used in 
the experimental work. The results are provided in Figure 5.1-1. The result from using 
Equation 2.2-1 is also showed in this diagram within the same level of stress as used for 
cross weld specimens in this experimental work for comparison purposes. 
 
 
Figure 5.1-1 time to failure vs applied stress for Grade 91 PM, and weldment at 600 OC 
temperature. 
 
Curves presenting time against creep strain at different stresses are plotted and shown in 
Figure 5.1-2. These curves clearly illustrate the difference in creep properties among Grade 
91 parent material, weld metal and cross weld. The stress which allows several thousands of 
hours creep deformation to the based metal, resulted in pre-mature failure of the weldment. 
Compared at a similar stress level, the creep lives of the Parent Material were significantly 
longer than that of the weld metal. In the relatively low stress level, the former was several 
thousand hours (greater than an order of magnitude) longer than the latter. The cross weld 
specimens behaved very similar to the all-weld specimens and the failure also occurred in 
the weld in service exposed material. The failure in these materials occurred much faster 
than the prediction made by Equation 2.2-1. However the as-received cross weld specimens 
failed almost as predicted by Equation 2.2-1. The root cause of this rather significant 
difference in the behaviour of as-received material compared to the service exposed material 
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will be discussed in section 5.1.2 in a great detail. The failure strains in other cases also are 
in a good agreement with literatures [1-2]. 
 
Two failure strains (creep ductility) were reported for each specimen and marked as ԑf and 
ԑfMMG (representing elongation failure strain and Monkman-Grant (MMG) failure strain 
respectively) in Table 5.1-1. ԑf can be obtained from Figure 5.1-3 directly by taking the strain 
at the time of rupture as the failure strain. Assuming normally distributed values, the scatter 
of the creep strains (2 times the standard deviation) was around 20% considering all cases. 
Using normal distribution parameters, the failure strain for all materials was calculated to be 
around 0.21+0.04. Alternatively, the MMG failure strain approach discussed in section 2.1-4 
may be utilised to reflect the final stage of specimen creep deformation prior to necking 
process takes place. This idea is also supported by looking at some creep curves which 
illustrate a large strain at a very short period of time which will be discussed in details 
throughout the next chapter. 
 
The creep strain rate against time was plotted to obtain the steady-state and average creep 
rate to be used in Equation 2.1-14. Figure 5.1-3 summarises the results of this analysis. The 
minimum creep rates from Figure 5.1-3 were compared to the slope of straight line adjusted 
to the steady-state section of creep curves from Figure 5.1-2 and showed a good 
agreement. The minimum creep strain rate then was plotted against stress to calculate 
parameters in Equation 2.1-14. Figure 5.1-4 provides these plots and parameters. For the 
parent metal, n was about 13 and A ranged from 10 to 35, which were in a good agreement 
with the data collected from literature and analysed in Chapter 6. The summary result of this 
analysis is provided in Appendix B. Short-term data from Appendix B are in a good 
agreement with the result of this experiment. As expected, weld and cross weld tests 
exhibited more brittle results. For the HAZ, this was partly due to the high constraint of the 
HAZ region sandwiched in between the harder parent material and weld metal. It is however, 
important to consider that these results were from a limited number of tests and a more solid 
conclusion may only be drawn when CCG tests are conducted. This will be discussed in 
more details throughout the next chapter by using an extensive database compiled as part of 
this research work and BS 7910 [3]. 
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Figure 5.1-2 Creep strain versus time: a) Parent Material, b) Cross Weld and All Weld Metal. 
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Figure 5.1-3 Creep rate versus time: a) Parent Material, b) Cross Weld and All Weld Metal. 
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Figure 5.1-4 applied stress versus minimum creep strain rate for Grade 91 PM, WM and 
HAZ at 600oC. 
 
 Post-test metallography of uniaxial specimens  5.1.2
Two cross-weld specimens, one from service exposed and one from as-received materials 
were selected for metallographic investigations. The uniaxial specimens were sectioned 
along the parallel gauge length Figure 5.1-5 and 5.1-6 provide the details of the failure 
locations at these two specimens. 
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a) Macro picture of failed specimen (ExH3) 
 
b) Micro picture of the failure location (failure at weld metal) 
 
c) Micro picture from un-failed side of the weld (no clear sign of type IV cracking is 
observed at HAZ). 
Figure 5.1-5 Macro and micro pictures of failure locations from uniaxial cross-weld specimen 
(ExH3) from service exposed Grade 91 steel.  
Weld HAZ 
Weld 
HAZ 
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a) Macro picture of failed specimen (AsH3). Top half of the single bevel-prep weld. 
 
b) Micro picture of the failure location (failure at outer region of straight HAZ). 
 
c) Micro picture from un-failed side of the weld (clear sign of advanced type IV cracking 
is observed at angled HAZ). 
Figure 5.1-6 Macro and micro pictures of failure locations from uniaxial cross-weld specimen 
(AsH3) from as-received Grade 91 steel machined from top half of the single bevel weld. 
HAZ Weld 
HAZ 
Weld 
HAZ 
HAZ 
Type IV crack 
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It can be seen from the above pictures that the service exposed specimen has failed in the 
weld metal. This has happened at a faster rate than type IV cracking initiation time so no 
sign of type IV cracking initiation was observed on the un-failed side of the specimen which 
contains the HAZ. On the other hand, the as-received material has failed at the outer region 
of HAZ (ie. type IV). Looking into the microstructure of the other side of the weld, it can be 
clearly observed that another type IV cracking has initiated. These two specimens were 
considered representative of other tests after examination of all other failed specimens. The 
density of creep cavities increases when approaching the failure vicinity.  
 
The metallography shows that when considering creep failure, the weak point in the service 
exposed material, used in the experimental work within this research project, tends to be the 
weld whereas the weak point in as-received cross weld specimen is the outer region of HAZ. 
One explanation of this could be that weld material ages in a faster manner in comparison 
with parent material and HAZ. 
 
5.2 Results of Creep Crack Growth (CCG) rate tests 
 Summary of results 5.2.1
A summary of results is provided in Table 5.2-1. The details of the results and the analyses 
will be discussed in the following part of this chapter as well as Chapter 6. 
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Table 5.2-1 Summary of CCG experimental parameters. 
Specimen P, (N) K(ao), (MPa.m1/2) tr, (hour) Δa, (mm) t0.2/tr, 
ExP2-CT 6200 25.36 624 1.01 16.3%
ExHAZ1 4000 16.36 1434 2.77 78.6%
ExP3-CT 6000 24.54 647 1.53 40.6%
ExHAZ3 3800 15.54 1392 8.43 42.1%
ExP4-CT 5783 23.7 748 1.94 73% 
ExP5-CT 5338 21.88 1215 1.59 51% 
AsP1-CT 5783 23.7 1373 2.01 70% 
AsP2-CT 5338 21.88 1630 2.27 61% 
ExP1-CT 8000 32.7 1138 1.71 66% 
AsHAZ1 5700 23.3 797 3.14 - 
ExHAZ2 5000 18.6 483 4.00 - 
ExW1-CT 5700 23.16 233 4.6 73% 
Note: 
ExP: Exposed to service Parent Material, ExW: Exposed to service Weld Metal, ExHAZ: Exposed to service HAZ, AsHAZ: As 
Received HAZ, AsP: As Received Parent material 
 
 Load Line Displacement (LLD) 5.2.2
The load line displacement normalised with the sample width, W, and the time was also 
normalised with the failure time, tf, to allow for an easy comparison amongst the different 
specimens. Some of the results are provided in Figure 5.2-1. 
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Figure 5.2-1 Normalised creep load line displacement versus normalised time. 
 
The majority of tests were stopped nearly at the onset of the tertiary creep region. However 
the EXHAZ3 test was allowed to continue into the tertiary creep region beside the fact that 
fast fracture was avoided. However, plastic deformation was observed during the analysis of 
fracture surface. This might have occurred towards the end of the experiment. 
 
Specimen EXW1-CT showed an almost linear displacement rate which was followed by a 
region with increasing displacement rate towards the end. Specimen ExP1-CT only showed 
limited displacement after the load was increased. It should be noted that the load was 
actually increased twice during this experiment due to no measureable deformation/growth 
after a long period of time. Consequently, the results from this particular test should not be 
used to assert or disprove any trend in the data for this material. 
 Crack Extension 5.2.3
The normalized crack length, a/W is plotted against the normalized time, t/tf and the results 
are provided in Figure 5.2-2 The rapid acceleration in crack growth is apparent towards the 
end of the majority of experiments due to increasing stress under the constant load while 
crack length is increasing (consequently area which carries the load is decreasing). 
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Figure 5.2-2 Normalised crack growth versus normalised time. 
 
In general, it could be seen from Figure 5.2-2 that some of the experiments demonstrated a 
longer incubation period prior to the onset of crack growth. During this period, damage 
accumulates at the crack tip and at the same time crack blunting is taking place. When 
sufficient damage has been introduced, the crack growth initiates. This incubation period 
seems to be generally less in the case of HAZ material compared to parent material when 
the loading case is similar. It is more difficult to draw a firm conclusion between as-received 
and ex-service material from these particular figures but this will be discussed in more 
details when CCG curves are provided in the following part of this chapter as well as the 
next chapter.  
 
 Examining CCG data by means of ASTM Validity Criteria 5.2.4
From section 4.3.2.4, the three main ASTM 1457 [4] validity criteria were applied to the test 
results. Only data which satisfied these criteria’s were used in CCG analysis. The transition 
time, tT, and the time for the crack to extend by 0.2mm, t0.2, were identified and they are 
provided in Table 5.2-2 for different specimens. Only those data points which fell beyond the 
maximum of tT and 0.2mm crack extension were deemed valid and included in the analysis. 
When comparing the two samples under the same loading conditions (eg AsP1-CT and 
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ExP2-CT), it can be seen that for the new parent material (AsP1-CT) the initiation time is 
much longer than that of the ex-service parent material (ExP2-CT).  
 
Table 5.2-2 the transition and initiation times for the different tests. 
Specimen tT (h) t0.2 (h) 
ExP2-CT 8.96  102  
ExHAZ1 14.37 1134 
ExP3-CT 3.48 263  
ExHAZ3 8.31  586  
ExP4-CT 9.78  545.0 
ExP5-CT 26.61  622.47 
AsP1-CT 25.6  956.07 
AsP2-CT 29.58 996.84 
ExP1-CT 301.22 751.36 
AsHAZ1 20.44 14.37 
ExHAZ2 7.20 6.68 
ExW1-CT 2.4 170 
 
The test against the third validity criteria which is the limit for load line displacement rate to 
be greater than 0.5 is also provided in Figure 5.2-3. The creep load line displacement rate to 
the total load line displacement rate was plotted against normalised test time. When 
correlating the data with the C* parameter, the data points for which the ratio was less 
than 0.5 were excluded. From Figure 5.2-3, almost all the points satisfy the CCG criteria. 
 
Figure 5.2-3: ASTM validity criteria analysis for CCG rate correlation, a˙- C*. 
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 a'-KI 5.2.5
The crack growth rate was plotted first against the stress intensity factor, K in Figure 5.2-4 in 
log-log axis to observe whether linear elastic fracture mechanics is appropriate or not. As it 
can be concluded from the figure, no clear relationship between the crack growth rate and KI 
can be seen. This demonstrates that Grade 91 material including based metal as well as the 
weldment (HAZ and weld metal) behave as creep ductile at 600oC and therefore CCG can 
be plotted as a function of C* instead of stress intensity factor, KI. 
 
 
Figure 5.2-4 Crack growth rate against the stress intensity factor, KI. 
 
 a'-C* 5.2.6
Following applying the validity criteria from part 4.3.2.4, CCG data was plotted vs creep 
fracture mechanics parameter, C* and the result are provided in Figure 5.2-5 in log-log 
scale. Despite the scatter and also the tail in some of the specimens which is believed to be 
associated with a combination of primary creep and stress redistribution [5], a more clear 
trend and correlation could be observed between CCG and C* in comparison with KI. in 
majority of specimen, once excluding the tail, this correlation becomes linear in the log-log 
scale which is in accordance to CCG power law models. 
 
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
1.E+01 1.E+02
da
/d
t (
m
m
/h
r)
KI (MPa√m)
ExP2-CT
ExP1-CT
AsHAZ1
ExHAZ2
ExW1-CT
ExHAZ1
AsP1-CT
AsP2-CT
ExP4-CT
ExP5-CT
ExP3-CT
 86  
 
Figure 5.2-5 Creep Crack growth rate versus the C* parameter for individual experiments. 
 
The observations from Figure 5.2-5 will be discussed within the next chapter in detail. A 
power law trend line was fitted to each set of data after removing the tail to determine the 
coefficient D and ϕ from Equation 5.2-1. 
 
ሶܽ ൌ ܦܥ∗∅ (5.2-1)	
 
The results are provided in Table 5.2-3 The results for each individual test is usually 
considered to be within the scatter band of a wider range of data set for each material type 
(ie Parent material and HAZ). Therefore all experiments from specific material type were 
collected in one data set and the result was provided as one data set for parent material and 
one data set for HAZ. Figure 5.2-6 provides these combined data sets. A similar power law 
regression was also fitted on this data and CCG parameters were derived for Parent material 
and HAZ. This has been demonstrated in Figure 5.2-6 and the value of D and ϕ are provided 
in Table 5.2-3 along with individual results. The results seem to be consistent with literature 
and fall within the Grade 91 CCG scatter band [1]. 
 
A study was also carried out along with this work [6] to investigate the effect of specimen 
size and geometry on CCG of Grade 91 steel. Some small differences was observed in da/dt 
versus C* trends amongst different specimen sizes and geometries at 600─625 °C. A 
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slightly higher CCG trend in parent material was observed in CT specimens of width W = 50 
mm (and B = 25 mm) compared to those of W = 25 and 32 mm (and B = 12.5 mm). This can 
be due to the higher specimen constraint level in larger CT specimens which leads to 
dominant plane strain conditions in the samples and thus higher creep crack growth rates. 
 
 
Figure 5.2-6 Creep Crack growth rate versus the C* parameter for overall Parent Material 
and HAZ. 
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Table 5.2-3 CCG constant for individual experiments and combined Parent Metal and 
combined HAZ. 
Specimen D ϕ 
Overall Parent Material 7 0.7 
Overall HAZ 17 0.7 
ExP2-CT 2.5 0.83 
ExP3-CT 49.5  0.98 
ExHAZ1 118.7  0.97 
ExHAZ3 64.7  0.95 
ExP4-CT 12.4 0.85
ExP5-CT  25.1 0.84
AsP1-CT 42.5 0.91
AsP2-CT 46 0.87
ExW1-CT 15. 0.94
ExHAZ2 122.4 0.97
AsHAZ1 66.6 0.94
ExP1-CT 3.45 0.81
 
 Hardness mapping 5.2.7
The primary aim of hardness mapping was to determine the most accurate hardness 
distribution across Grade 91 weldment (Parent Material – HAZ – Weld Metal) and identify 
where type IV region precisely locate. 5 samples were selected as representative and the 
results from all of them looked very similar. The results could also be used in future Finite 
Element Analysis (FEA) exercises to make a more accurate prediction. Figure 5.2-7 shows 
pictures of the typical hardness mapping as well as the result for service exposed weldment 
prior to machining. 
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Figure 5.2-7 Hardness Mapping results for Ex-Service Grade 91 Weldment. 
 
The line on the hardness mapping shows the fusion line between the Weld Metal and the 
HAZ. A very distinct hardness property is illustrated across different region of HAZ which is 
the primary cause of type IV failure as discussed in Chapter 2. The light blue regions 
(190-200 Vickers) with a darker blue area (180-190 Vickers and some very small area of 
170-180 Vickers) scattered inside them most likely represents type IV region of the HAZ. As 
it can be seen from the picture, the hardness gradually increases as we approach the fusion 
line. 
 
However beside this objective, by developing the hardness mapping on the weldment, it was 
also made possible to identify the crack path. To identify the crack path, one of the 
as-received material specimens (AsHAZ1) was sliced along with the specimen width and 
perpendicular to the thickness after the completion of the experiment but prior to breakdown 
of fracture surface which is required for final crack size measurement. The sliced surface 
was then polished and etched and hardness mapping was developed along the crack path 
with some extend ahead a of the crack tip. The result is provided in Figure 5.2-8. 
 
270-280 260-270 250-260 240-250 230-240 220-230 210-220
200-210 190-200 180-190 170-180 160-170 150-160
 90  
 
 
Figure 5.2-8 Hardness Mapping results for AsHAZ1 Weldment after the experiment 
demonstrating the crack path (pink line shows the fusion line). 
 
In this specimen, the EDM tip has been located between the fusion line and type IV region. 
However as it can clearly be observed from Figure 5.2-8 the crack path was diverted toward 
the type IV region. Hence the failure of this material takes place at type IV region. This is 
in-line with the discussion from 5.1.2. 
 
 Post-test metallography of CCG specimens  5.2.8
One CT specimen from service exposed weldment, where crack path was on HAZ, was 
selected for metallographic investigation to identify the failure tendency and the crack path in 
comparison with the as-received material which was discussed in section 5.2.7. Figure 5.2-9 
provides the macro and micro picture from the CT specimen and the crack path. Unlike the 
CT specimen from the as-received material, this service exposed specimen completed the 
CCG test and it was broken open to calibrate the crack length. To have the correct line of 
failure at both sides of the CT specimen after the failure, both sides were connected together 
using a strong adhesive (ie super glue) and then taken for preparation for metallography.  
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a) Macro picture of the crack path – initiation and growth at the weld metal 
 
b) Micro picture of the crack path – initiation and growth at the weld metal. 
Figure 5.2-9 Macro and micro picture of service exposed specimen (ExHAZ2) crack path. 
 
Unlike what was discussed in section 5.2.7, the crack path in this specimen showed a 
tendency to growth in adjacent to the weld material (fusion line) and sometimes into the weld 
itself. This conclusion is very similar to the discussion from section 5.1.2. The weld metal in 
both cases has demonstrated a lower resistance to the creep in comparison with HAZ and 
type IV region. As discussed, this could be explain as it is believed that the weld metal ages 
in a quicker manner compared to the HAZ even if the initially has a higher creep resistance 
properties. The final CCG results are still within the scatter band as it will be discussed in the 
next chapter. 
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5.4 Nomenclature 
a/W Normalized crack length 
a Crack size 
ሶܽ   Creep crack growth rate 
C* steady state creep correlating parameter (MJ/m2.h) 
D Power law coefficient in empirical creep crack growth law 
KI Stress intensity factor 
t/tf Normalized time 
ԑfMMG Monkman-Grant (MMG) failure strain 
ԑf Elongation failure strain 
߮  Power law exponent in empirical creep crack growth law 
  
5.5 Abbreviation 
BM Base material 
WM Weld metal 
HAZ Heat Affected Zone 
PM Parent material 
MMG Monkman-Grant failure strain 
CCG Creep Crack Growth 
CT Compact Tension 
FEA Finite Element Analysis 
EDM Electric Discharge Machining 
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Chapter 6 Analyses of Grade 91 
Uniaxial Creep and Creep Crack 
Growth Data 
6.1 Introduction 
Limited experimental work was carried out during the course of this research project due to 
constraint in time and material. Therefore, the analyses of data could not be limited only to 
the experiments from the current work should more conclusive trends are expected. As a 
result of this, a wide literature survey was carried out to collect and compile data from all 
available credible sources [1-3]. Although a wider range of data set was collected from 
different sources, however it was decided to limit the data to those references mentioned in 
this thesis. The main reason for the selection of only this data was that detail communication 
was possible with the providers of current data set. It was crucial to have access to the 
background information of the data (e.g. yield stress at elevated temperature, composition, 
etc.) and also critical information such as details of creep strain-time curve (eg. the onset of 
different creep stage) were required for analyses in this research work. This information 
could have only been obtained through communication with the data provider which was not 
possible in all cases. Therefore only those cases where full desired information was provided 
are included in the analysis. For the cross weld data [3], recent literature [4] has confirmed 
that the model is still a valid model even when more recent test data are included within the 
scatter band. The author of this thesis had access to the details background information for 
[3] and used the original data for the analysis purposes within this research work. 
 
In this chapter, the analyses of the uniaxial and creep crack growth data from the 
experimental works which have been undertaken in this project as well as data collected 
from the literature survey are carried out. The uniaxial test results for more than 40,000 
hours test duration on the based metal of Grade 91 and other steels and Nickle alloy are 
included in this analysis. This is to examine the effect of long-term exposure of these 
materials to high temperature in lower stress level which simulates the most likely scenario 
they can see during the actual operation. The results are compared to shorter duration test 
data to demonstrate the effect of long-term exposure. The conclusion is used in the 
predictive model for CCG analysis to validate the observation in some CCG tests. 
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More than 3,800 data points from uniaxial test results were analysed including eight different 
grades of steel as well as Alloy 800. More than 200 data points were specifically from Grade 
91 parent material at different test temperatures. Uniaxial creep parameters were extracted 
for each grade of steels and statistical analysis was performed to provide an upper band and 
lower band for each condition. The results are tabulated and provided in Appendix B. These 
results were also used in British Standard 7910 published in 2013. 
 
Although the results for all different material is provided in Appendix B, however as the work 
for this thesis intends to focus on Grade 91 steel, the analyses provided in this chapter is for 
this grade of steel only. 
 
It should be noted that the data provided in this chapter have been obtained from different 
batches of materials subjected to different heat treatments prior to testing and are therefore 
likely to show increased scatter. However, for each value of constant temperature, they have 
been considered as a single set of data to deduce the creep parameter trends in the inherent 
creep data scatter. 
 
6.2 Analyses of Grade 91 Creep Uniaxial Data 
As mentioned above, over 200 data points from tests on Grade 91 creep uniaxial based 
metal and some from weldment were analysed. The longer test duration found for parent 
material was 45,000 hours which is considered a very long-term test and for the weldment it 
was 8,000 hours which also could be considered as a reasonably long-term test. The focus 
of this study is on the temperature range between 550OC and 650OC for the parent material 
and 600OC for the weldment as this is the most probable temperature range which Grade 91 
material might be utilised. 
 Analyses of creep rupture data 6.2.1
From Figure 5.1-1, it is clear that at a constant stress, as-received Parent Material has 
demonstrated the longest time to failure and cross weld specimens from the same material 
show lower time to failure compared to the Parent Material. Equation 2.2-1 has also been 
put on the graph for comparison purposes. It can be observed from the Figure 5.1-1 that 
there is a good agreement between cross weld data from as-received material and 
prediction made by Equation 2.2-1. Service exposed Parent Material shows less time to 
failure at a similar level of stress in comparison with as-received specimens. This was 
expected as this material has already gone through a part of its creep life. However, looking 
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into the cross weld specimens from service exposed material; they demonstrate a 
dramatically degradation in their creep life at similar level of stress as other specimens. This 
could be related to the faster development of type IV damage due to smaller life fraction left 
in the material as a result of exposure to high temperature service condition. 
 
Figure 6.2-1 provides the plot of stress versus time to rupture for data which were collected 
from literature survey in a log-log scale. 
 
 
Figure 6.2-1 applied stress versus time to rupture for Grade 91 parent material at different 
temperature and Weldment at 600OC. 
 
As explained in Chapter 2, it is expected that the above plots follow a power law relationship 
based on Equation 6.2-1: 
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This should look like a straight line in a log-log scale. However a closer look at these plots 
indicates that there is a slight slope change when test duration exceeds a certain amount. 
This has been shown on the diagram with two trend lines on data set belong to 600OC. This 
change in the slope appears to be happening at 10,000 hours for most of the data sets. For 
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the test at 600OC, this test duration is achieved when applied stress is between 110MPa to 
130MPA. As 600OC is the most applicable operating temperature for Grade 91 material, this 
data set together with Weldment data have been shown in a separate plot in Figure 6.2-2: 
 
 
Figure 6.2-2 applied stress versus time to rupture for Grade 91 parent material and 
Weldment at 600OC. 
 
With an overall view, it is clear from Figure 6.2-1 that Weldment demonstrates shorter 
rupture duration in comparison with parent material. This is the basis of Weld Strength 
Reduction Factor (WSRF) which was explained in Chapter 2. However, the scatter is quite 
high and therefore statistical analysis is required to address this scatter. For this purpose, for 
each data set, a mean+2 standard deviation is also plotted to demonstrate the difference. 
The mean value for Grade 91 parent material and Weldment at 600OC are given in 
Equations 6.2-2 to 6.2-7: 
 
ߪெ௘௔௡௉௔௥௘௡௧	ெ௔௧. ൌ 342 ൈ ݐ௥ି ଴.ଵ (6.2-2) 
 
ߪ௎௣௣௘௥	஻௔௡ௗ௉௔௥௘௡௧	ெ௔௧. ൌ 484 ൈ ݐ௥ି ଴.ଵ (6.2-3) 
 
ߪ௅௢௪௘௥	஻௔௡ௗ௉௔௥௘௡௧	ெ௔௧. ൌ 241 ൈ ݐ௥ି ଴.ଵ (6.2-4) 
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ߪெ௘௔௡ௐ௘௟ௗ௠௘௡௧ ൌ 392 ൈ ݐ௥ି ଴.ଶ (6.2-5) 
 
ߪ௎௣௣௘௥	஻௔௡ௗௐ௘௟ௗ௠௘௡௧ ൌ 454 ൈ ݐ௥ି ଴.ଶ (6.2-6) 
 
ߪ௅௢௪௘௥	஻௔௡ௗௐ௘௟ௗ௠௘௡௧ ൌ 338 ൈ ݐ௥ି ଴.ଶ (6.2-7) 
 
The scatter band (upper band and lower band) for each data set was derived by adding and 
subtracting 2 standard deviations to and from the mean value. Using these equations, at 
10,000 hours, considering the mean values, the WSRF is equal to 83%. However for a 
conservative estimation, if the upper band of parent material is compared to a lower band of 
the weldment, the WSRF will equal to 51%. These two values at 100,000 which is the actual 
design life of the equipment are 77% and 47% respectively. The mean value is in line with 
most of the design codes. This level of uncertainty implies the importance of applying a 
probabilistic approach which is discussed in the next two chapters. 
 
 Analyses of creep deformation data 6.2.2
6.2.2.1 Minimum creep rate vs applied stress 
From Figure 5.1-4, it can be seen that weldment of service exposed Grade 91 material 
demonstrates the highest level of strain rate compared to other material in this study. In 
some cases this is up to an order of magnitude higher than Parent Material from the same 
block of steel. Due to limited experimental data from this research work, data from literature 
were also analysed to investigate for more conclusive trends. Figure 6.2-3 provides the plot 
for creep law in the logarithmic scale for the modified 9Cr steel parent material data from the 
literature survey. The lower stress regime indicates a longer-term test for each temperature. 
In a general view, the slope of the curve which is the material creep exponent decreases 
when test temperature increases. Similar to the previous section and Figure 6.2-1, a closer 
look at the data at 600OC suggests a change in the slope at a minimum creep rate of 
5 x 10-6 h-1. This minimum strain rate is also achieved at around 110MPa to 130MPa which 
is the same range as to the rupture data. This indicates the material may show different 
creep behaviour in a longer-term test and possibly a change in the creep mechanism. The 
same behaviour has also been observed in C-Mn steel and other steel materials [5]. In this 
analysis the values of n=13 and n=5 have been used for the modified 9Cr parent material in 
short-term and long-term estimations respectively. 
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Figure 6.2-3 applied stress versus minimum creep strain rate. 
 
6.2.2.2 Average creep rate vs applied stress 
Although minimum creep rate is the actual representative of material behaviour in secondary 
creep regime, but to make use of existing creep data which traditionally only records creep 
failure strain and test duration, average creep strain is used in this study for comparison 
purposes. Figure 6.2-4 provides this plot for different temperature. Similar exercise as 
Figure 6.2-3 was also carried out on this plots and same effect was observed. 
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Figure 6.2-4 normalised applied stress versus average creep strain rate. 
 
The difference between the minimum creep strain rate and average creep strain rate could 
vary between two to seven orders of magnitude. In this figure, the applied stress is 
normalised by the proof stress to illustrate the level of plasticity. The proof stress used here 
394MPa at 500oC, 349MPa at 550oC, 272MPa at 600oC and 183MPa at 650oC. However, as 
it is shown in Figure 6.2-4, the contribution of plasticity in the creep deformation behaviour of 
the material is negligible at the examined temperatures. 
 
The best average of individual slopes at each temperature has been fitted to the data using 
the least squares method in Figure 6.2-4. As shown in this figure, a change in the average 
creep strain rate exponent, nA, can be observed from short term to long term test data at the 
range of temperatures examined. Also shown in this figure is that a trend (shown by a 
dashed line) between the normalised stresses at which the transition from short term to long 
term creep strain rate slopes and the temperature may be inferred. This is simplified by 
determining a transition point to indicate a lower/upper bounds for long and short term test 
times. There are at present little or limited long term creep data that can be found in the 
literature for modified 9Cr. This is partly due to the relatively recent development of the alloy 
and partly due to data not being in the public domain. Either way, for the purpose of this 
analysis, an assumption of a transition point is conservative in terms of life assessment at 
long terms. The same slopes have also been employed to provide the line of best fit at other 
temperatures even where limited data are available. 
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From the above discussion two main observations could be concluded from Figure 6.2-3: 
 
1- All test stresses are below the yield stress value at applicable temperature. This means 
the test is carried out with minimum effect of plasticity and creep mechanism is the 
dominant cause of deformation. This is quite an important aspect of this data set as it will 
be explained in 6.2.2.3 the effect of plasticity in creep deformation could potentially 
cause inflated strain failure during short-term tests. This is frequently observed in 
stainless steel materials [6]. 
2- The change in the slope is clearer in higher temperature tests. It could be observed that 
at 500OC, 600OC and 650OC the points which the slope change occurs, are positioned on 
a straight line. This line was extrapolated to lower temperature (ie 500OC) to demonstrate 
how test results could be predicted at lower temperature and at lower stress values 
which there is no test data available due to very long-term test duration. It was assumed 
that the slopes are equal (ie lines are parallel) before and after these transition points. 
 
To compare parent material and weldment, the result for the cross weld tests are provided in 
Figure 6.4-5 at 600OC together parent material data. 
 
 
Figure 6.2-5 normalised applied stress versus average creep strain rate for Grade 91 parent 
material and Weldment at 600OC. 
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The weldment data is usually generated from a cross weld specimen which could either 
have one HAZ line in the middle or two HAZ in its gauge length with the weld in the middle. 
The complication with this test is that the creep deformation is always a combination of 
parent material, weld metal and HAZ. Therefore a constant power law may not be fully 
reprehensive of this composite material. However, as a general overview it could be 
observed from Figure 6.2-5 that the data from weldment (cross weld specimen) provides 
higher strain compare to parent material at the same stress level. 
 
6.2.2.3 Statistical analysis of the minimum and average creep rate vs applied stress 
As a part of British standard committee activities, the approach from 6.2.2.1 and 6.2.2.2 was 
extended to other types of ferrous and some cases non-ferrous (ie Nickle) alloys. The detail 
of statistical analysis was explained in Chapter 3. The procedure explained in section 3.2 
and 3.3.was applied to a range of material to derive creep uniaxial parameters statistically. 
The results from this analysis were used as an input to BS 7910 [7]. A summary table is 
provided in Appendix B. in this section the details of this procedure applied on Grade 91 is 
presented and discussed. 
 
The assumption is that the ratio between average creep rate and minimum creep rate is 
same for parent material and HAZ. ie: 
 
ܥݎு஺௓ି௠௜௡ ൌ ஼௥ಹಲೋషೌೡೌ஼௥ಳಾషೌೡೌ ൈ ܥݎ஻ெି௠௜௡ (6.2-8) 
 
Where, 
 ܥݎு஺௓ି௠௜௡ : The trend line formula plotted for HAZ minimum creep rate 
ܥݎு஺௓ିܽݒܽ ൌ 8 ∙ 10ିଵଵ ൈ ߪସ.: The trend line formula plotted for HAZ average creep rate 
ܥݎ஻ெି௠௜௡ ൌ 8 ∙ 10ିଵ଼ ൈ ߪ଻: The trend line formula plotted for parent material minimum creep 
rate 
ܥݎ஻ெି௔௩௔ ൌ 1 ∙ 10ିଵ଺ ൈ ߪ଻: The trend line formula plotted for parent material average creep 
rate 
ߪ: The stress value 
 
The results of these analyses for Grade 91 parent material and weldment are provided in 
Figure 6.2-6. 
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a) Statistical analysis providing upper band and lower band minimum creep rate vs applied 
stress at 500OC for Grade 91 Parent Material. 
 
 
b) Statistical analysis providing upper band and lower band average creep rate vs applied 
stress at 500OC for Grade 91 Parent Material. 
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c) Statistical analysis providing upper band and lower band minimum creep rate vs applied 
stress at 550OC for Grade 91 Parent Material. 
 
 
d) Statistical analysis providing upper band and lower band in long-term and short-term for 
average creep rate vs applied stress at 550OC for Grade 91 Parent Material and 
Weldment. 
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e) Statistical analysis providing upper band and lower band in long-term and short-term for 
minimum creep rate vs applied stress at 600OC for Grade 91 Parent Material. 
 
 
f) Statistical analysis providing upper band and lower band in long-term and short-term for 
average creep rate vs applied stress at 600OC for Grade 91 Parent Material and 
Weldment. 
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g) Statistical analysis providing upper band and lower band in long-term and short-term for 
minimum creep rate vs applied stress at 650OC for Grade 91 Parent Material. 
 
 
h) Statistical analysis providing upper band and lower band in long-term and short-term for 
average creep rate vs applied stress at 650OC for Grade 91 Parent Material and 
Weldment. 
Figure 6.2-6 Statistical analyses of uniaxial creep data for parent material and weldment. 
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6.2.2.4 Creep failure strain vs applied stress 
As explained in Chapter 2, the average creep rate, έA, which account for all three creep 
regions, can be defined as: 
 
ߝሶ஺ ൌ ఌ೑௧ೝ ൌ ߝሶ଴ ቀ
ఙ
ఙబቁ
௡ಲ ൌ ܣ஺ߪ௡ಲ (6.2-8) 
 
Where εf is the uniaxial creep strain at failure (creep ductility), tr is the time to rupture, and AA 
and nA are the average creep strain rate power law coefficient and exponent, respectively. 
The rupture life can also be related to the stress using a power law relation as per 
Equation 6.2-1. By combining Equations 6.2-1 and 6.2-8, the creep ductility can be 
estimated by: 
 
ߝ௙ ൌ ߝሶ஺ݐ௥ ൌ ܣ஺ܤ௥ߪ௡ಲିజೝ (6.2-9) 
 
Based on Equation 6.2-9, if nA = νr then the creep failure strain is independent of stress. 
When nA > νr creep ductility decreases with decreasing stress. 
 
Figure 6.2-7 provides the plots for modified 9Cr based metal creep failure strain versus the 
applied stress normalised by the proof stress of the material at each temperature. 
 
 
Figure 6.2-7 Applied stress versus creep failure strain for Grade 91 parent material at 
different test temperature. 
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Figure 6.2-7 shows that a strong stress dependency may be inferred in the creep ductility of 
the material at different temperatures. Although data shows a large scatter, a drop in failure 
strain is apparent when the applied stress decreases, especially in the higher temperature 
range. This means the material should satisfy the condition of Equation 6.2-9 and shows 
nA > νr. The stronger dependency of failure strain on applied stress at higher temperatures 
could be due to the effect of aging which is accelerated at higher temperatures. 
 
If it is assumed the tensile test results at any temperature represent the highest level 
plasticity, this could be aligned with the upper-bound for creep ductility. Figure 6.2-8, shows 
this assumption can be considered valid for uniaxial creep test, especially at higher 
temperatures. The scale is provided in logarithmic scale and stress is normalised to 0.2 
proof stress to demonstrate the margin from plasticity as discussed in section 6.2.2.2. The 
upper-bound value of tensile strain at failure for each temperature is provided in Table 6.2-1. 
For the lower bound failure strain, an initial assessment would be the failure strain at the 
transition points identified in Figure 6.2-4 and listed in Table 6.2-1. Using the same σ/σ0.2 
values for the failure strain it is clear that there is very little data available for all the 
temperatures to determine a transition lower-bound. It is likely that Grade 91 does not exhibit 
a very sharp change in failure strain with respect to stress at longer times. The average of 
individual slopes has been worked out and fitted to the data, using least squares method, for 
the range of temperatures examined in Figure 6.2-8. It is also clear that there is no 
lower-shelf behaviour apparent in this data set. This could be because there is no longer 
term data available or possibly due the inherent brittle nature of Grade 91 which fails at very 
low σ/σ0.2 values of between 0.3-0.6 σ/σ0.2 over the whole of the stress range observed. 
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Figure 6.2-8 normalised applied stress versus creep failure strain and tensile failure strain 
for Grade 91 parent material at different test temperature in logarithmic scale. 
 
This ductility phenomenon can generally be explicable in terms of creep cavitation growth 
models, ie at high stresses the creep strain rate of the matrix greatly exceeds the cavity 
growth rate due to the higher stress exponent for strain rate (n >>1) compared with the 
stress exponent for cavity growth rate. As a result, the extent of cavity growth per unit strain 
at high stress is small, leading to high creep plasticity and high strains to failure. On the 
other hand, at low stresses, for the same reason, the cavity growth rate is high compared 
with the strain rate although cavity growth is constrained by the matrix strain rate and will 
follow a power law with exponent similar to the creep exponent, n. As a result, the extent of 
cavity growth per unit strain at low stress is higher. Consequently, the strain to failure will 
normally exhibit a decrease with decreasing stress and tend to level out at a low level 
dictated largely by the cavity density. 
 
6.2.2.5 Monkman-Grant Creep Ductility (εfMMG) 
In addition, the definition of creep ductility or failure strain may vary based on the material. In 
a general approach, failure strain is assumed to be the strain at the time of failure. However, 
a closer look at most of the creep curves, indicates that a big increase in strain to failure 
takes place toward the end of the life. This can be due to a considerable amount of necking 
which happens at the end of the life in a test specimen and possibly thin wall tubes in 
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practice. On the other hand, once the material enters the tertiary creep region, it is not 
considered to be fit for service anymore. This is generally the case for Grade 91 steel as 
shown in Figure 6.2-9. Therefore as discussed also in Chapter 2, an alternative definition of 
failure strain could be adopted using the strain at the end of secondary (steady-state) region. 
Figure 6.2-9 illustrates these two definitions. 
 
 
Figure 6.2-9 demonstration of εfMMG on creep curves and comparison with εf.. 
 
This approach known as Monkman-Grant Ductility (MMG) has been used for Grade 91 
Parent material previously [8]. Using this method, MMG at various ranges of temperature 
and stress is presented in Figure 6.2-10. The immediate conclusion from this figure is that 
the graphs in Figure 6.2-10 present marginally less scatter compared with Figure 6.2-8 and 
also there is more apparent dependency of εfMMG to stress. The comparison between the 
failure strains at different stresses still satisfies the power law relationship between creep 
ductility and applied stress. This method is expected to be a better and more conservative 
assessment of failure strain for longer term component behaviour. 
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Figure 6.2-10 Monkman-Grant creep failure strain versus normalised applied stress. 
 
Table 6.2-1 Failure strains and transition points 
Test 
Temperature 
(oC) 
Tensile Strain 
at Failure 
(%) 
 σ/σ0.2 at the 
transition 
point 
% creep ductility at 
the transition point 
(from Figure 6.2-7) 
% creep ductility at 
the transition point 
(from Figure 6.2-9) 
500  22 0.62 13 NA* 
550 27 0.52 15 0.6 
600 33 0.46 18 0.8 
650 38 0.43 22 1.2 
*Not enough data available 
 
6.3 Analyses of Grade 91 Creep Crack Growth Data 
As it was explained in Chapter 2, when a cracked body operates at an elevated temperature 
where creep is the dominant failure mechanism, a time dependant crack growth is observed. 
The relationship for crack growth rate under steady-state creep dominant conditions in 
engineering alloys has been shown to be represented by the power law relation [9]: 
 
ࢇ ൌ ࡰ࡯∗ࣘ (6.3-1) 
 
1.E-03
1.E-02
1.E-01
0.1 1
Fa
ilu
re
 s
tr
ai
n,
 e
f
σ/σ0.2
600 C
550 C
650 C
 112  
Where C* is the steady state creep fracture mechanics parameter and D and Φ are the 
creep crack growth (CCG) power law coefficient and exponent, respectively. 
 
NSW model assumes that failure occurs at crack tip when the available material creep 
ductility is exhausted and reaches its maximum value of unity and gives the following 
expression for the creep crack growth rate [9]; 
 
ሶܽ ேௌௐ ൌ ሺ௡ାଵሻఌሶ బఌ೑∗ ቀ
஼∗
ூ೙ఙబఌሶ బቁ
௡ ௡ାଵ⁄ ݎ௖ଵ ሺ௡ାଵሻ⁄  (6.3-2) 
 
Where rc is the creep process zone (which is often taken as the average grain size of the 
material) and is the multiaxial creep ductility (appropriate to the state of stress at the crack 
tip). 
 
 Grade 91 CCG Scatter Band 6.3.1
As mentioned above, constraint and creep ductility are two major factors which control the 
crack propagation rate under the creep regime at a given service condition. Effectively, the 
geometry and inherent properties of the material determine creep ductility and level of 
constraint. 
 
ASTM E1457 [10] provides different choice of specimen geometry for CCG testing. 
Extensive studies have been carried out to investigate the variation in creep crack 
propagation rate with specimen geometry and size. The most common specimen which has 
been used conventionally to measure CCG rate is Compact Tension (CT). Davis et al [11] 
conducted CCG test on parent and welded 316H stainless steel using different size of CT 
specimen and the results were plotted against the creep fracture mechanics parameter, C*. 
The result indicated no apparent size effect on CCG data when using CT specimen. In a 
similar investigation, Nikbin [12] illustrated the same conclusion by plotting CCG data against 
C* for P22 steel using CT specimen. Little influence of specimen size was observed and the 
data were collated within a reasonably narrow scatter band except for the early stage of the 
test which was attributed to the redistribution of the stress from elastic to a steady creep 
state at the crack tip. He also showed little influence of different temperature on CCG result. 
This was attributed to the fact that the CCG correlation depends primarily on creep failure 
strain. 
 
It has been proven by a number of research works [12-14] that, compared to feature 
component tests, a better correlation between CCG rates and C* could be obtained when 
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CT type specimen was used. In a feature component test, the test is usually conducted on a 
component representing similar geometry and condition of a real component in service. 
However it has been claimed in [12] that this correspondence is satisfactory except for 
shallow cracks in thin walled tube. It was also suggested that the lack of agreement may be 
attributed to an overestimate of C* when using the reference stress procedure for shallow 
cracks, but further finite element analysis will be needed to provide confirmation. Wasmer et 
al [12] used pre-cracked (external semi elliptical defects) in pressurised straight and bent 
pipe manufactured from Grade 91 as feature component. Tests performed on straight and 
bent pipes showed the same behaviour and also little differences in CCG data was observed 
compared to the result from CT specimen. 
 
In a similar investigation [12], CCG tests were performed on the internally pressurised seam 
welded pipe manufactured from Grade 91 containing artificial axial crack-like flaws in 
different positions (Parent and HAZ). The CCG rate data was assessed in terms of both 
stress intensity factor and C*. When using C*, the assessment of CCG was found to be 
relatively independent of the stress state and the results provided better correlation with 
respect to conventional data generated using CT specimen. Most of the data generated in 
this experiment fall inside the Task 2 [15] scatter band. Unfortunately the report from Task 2 
was not in a public domain; however the task 2 data provided in other reference [16] were 
used. CCG tests on Grade 91 parent and HAZ were also performed within the large 
experimental program of the European Research Project, HIDA (high temperature defect 
assessment) [16]. Table 6.3-1 provides the CCG parameters extracted from these 
experiments for comparison. 
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Table 6.3-1 Grade 91 CCG parameter from different references (CCG rate is in the unit of 
mm/h) 
Reference Material 
Temp. 
oC 
C* unit εf 
CCG rate 
parameters from 
Equation 4 
D ф 
[14] HAZ 625 MJ/m2h - - 0.803 
[13] 
Parent  
600-
700 
MJ/m2h 
0.07-0.32 
1.44 0.6 
HAZ 
600-
625 
0.31-0.42 
WM 
600-
625 
0.03-0.07 
XW 
600-
675 
0.015-
0.17 
[15] 
Parent - 
MJ/m2h 
0.13 1.8 0.63 
Weld - 0.02 20 0.8 
[16] 
Parent  
625 MJ/m2h 
0.19 7.62 0.8 
Parent  0.21 4.39 0.68 
Parent  0.32 4.72 0.79 
Parent-HAZ 0.15 3.33 0.59 
Pipe bend 0.03 3.79 0.84 
BS 7910 
[7] 
Parent 
Upper 
band 580-
593 
N/(mm.h) - 
0.05 0.65 
Mean 
value 
0.024 0.7 
HAZ 
Upper 
band 
580 
0.091 0.78 
Mean 
value 
0.046 0.78 
 
The CCG data for Grade 91 parent material and HAZ from BS 7910 are also provided in 
Table 6.3-1 for comparison. The authors could not clarify the source of these data in 
BS 7910, however based on the wide literature review it is assumed that the data should be 
extracted by BS 7910 high temperature committee from the experimental results mentioned 
in this section. Figure 6.3-1 illustrates the CCG rate data versus C* from the above 
experiments together with BS 7910 data for comparison. Plane stress and plane strain 
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curves from NSW model in Equation 6.3-2 are also presented to show the prediction band 
by the model. 
 
 
Figure 6.3-1 Comparison of different Grade 91 CCG data from literatures. 
 
Instant conclusion from Figure 6.3-1 is the majority of data are collected from plane stress 
condition. As Figure 6.3-1 indicates, the parent material data from [7], [13], and [15] provide 
the lowest level of CCG rate. Weld metal from [17] indicates slightly higher CCG rate. The 
highest CCG rates belong to the data from BS 7910 [7]. 
 
The above data together provides an overall scatter band with an upper and lower limit. This 
could be identified as Grade 91 current CCG scatter band. Figure 6.3-2 presents this overall 
diagram. Several more recent CCG results have been published for Grade 91 steels [18-22]. 
Due to lack of full access to the actual data as well as in some cases the temperature being 
outside the range of desire scatter band; these results are not included in Grade 91 scatter 
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band developed in this work. However, preliminary examination of the data demonstrated 
that they all fall within the Grade 91 scatter band from this work. 
 
Figure 6.3-2 Grade 91 data scatter band from all literatures. 
 
The Grade 91 CCG parameters from Equation 6.3-1 are provided in Table 6.3-2. These data 
belong to C* values between 10-6 MJ/m2h and 0.1 MJ/m2h. 
 
Table 6.3-2 Grade 91 overall CCG parameters from experiments. 
CCG parameter Upper band Mean Lower band  
D 17.2 6.5 2.3 
ф 0.7 0.7 0.8 
 
It can be seen from Figure 6.3-2 that there is a wide variation in the Grade 91 CCG data 
scatter band. The difference between upper band and lower band of experimental data in 
low values of C* (10-6 MJ/m2h) could be more than a factor of 20. This decreases to an order 
of magnitude in higher values of C* (0.1 MJ/m2h). The difference between upper band and 
mean value is a factor of 3 which is almost constant within the C* values. The NSW 
prediction bound from 6.3-1 are also shown in Figure 6.3-1. The average value of n=10 is 
reported in [16] for Grade 91 material, however as it can be observed from the figure, 
although the there is a large scatter in Grade 91 data scatter band from experiments, the 
prediction by NSW plane stress is still greater than the upper band Grade 91 data which 
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implies the suitability of the predictive model as an upper bound limit. This scatter bound can 
be even greater value if the creep ductility of Weldment (0.03) is used. 
 
The data presented in this review were collated from data in the range of 10-6 <C* (MJ/m2h) 
< 10-1. Equation (5) can be used to evaluate the value of strain rate local to the crack tip 
corresponding to C*, taking a maximum value of unity for at the failure time; 
 
ߝሶ ൌ ቀ஺ಲ.஼∗ூ೙೙.௥ ቁ
௡ ௡ାଵ⁄
 (6.3-3) 
 
Substituting the value n=10 and A=10-27 used in Figure 6.3-1 and 6.3-2 into the 
Equation 6.3-3 for C*=10-6, provides the constraint of the data to the minimum strain rate 
equal to 5.6 x 10-5 h-1 for plane stress condition and 7.6 x 10-5 h-1 in plane strain condition. 
This relates to the usual laboratory test duration limited to a few thousands hours which is 
considered to be important from a life assessment point of view when assessing a 
manufacturing or in service flaw in a Grade 91 component. It is crucial to avoid extrapolating 
the assessment results to an unpredicted value of C* smaller than 10-6 MJ/m2h (which 
relates to the normal service life of the component) using the available CCG parameters in 
this review. 
 
As the most structural components are used under multiaxial stress condition, it is important 
to evaluate this effect when using CCG data from laboratory test to apply on actual structural 
component. Using Circumferentially Cracked Bar (CCB) specimen is a simple method to 
investigate multiaxial stress effect [23]. Also, using CCB specimen does not need 
complicated test facilities and could be conducted in tubular furnaces. The authors are not 
aware of any test has been conducted on Grade 91 material using CCB specimen. This 
could be an area of concern in any new research plan scheme. 
 
 Grade 91 CCG Analyses of Experimental Work 6.3.2
The following subsections provide the details and analyses of CCG experimental works 
which have been carried out throughout this project. 
 
6.3.2.1 CCG rate correlation 
From Chapter 5, the CCG rate curves are provided again here in Figure 6.3-3. 
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Figure 6.3-3 Creep Crack growth rate vs the C* parameter for individual experiments. 
 
The same level of loading (~5800 N) was applied to ExP4-CT which was machined from 
service exposed parent material and AsP1-CT which was machined from the as-received 
block of material to investigate the effect of service exposure to the trend of CCG. As 
Figure 6.3-3 illustrates, these two specimens are almost forming the same trend of CCG and 
one equation could potentially represent both materials. However, as it also could be 
observed from this figure, ExP4-CT present a higher value of C* although the loading and 
geometry of two samples were identical. To answer this, we need to look into how C* is 
estimated. From Chapter 2, C* is presented as: 
 
ܥ∗ ൌ ܨሺ ௦ܹ∗ሻ	 (6.3-4) 
 
Where  
 
௦ܹ∗ ൌ ׬ ߪ௜௝݀ߝሶ௜௝௖ఌሶ ೔ೕ
೎
଴  (6.3-5) 
 
And in the laboratory testing, it is estimated by: 
 
ܥ∗ ൌ ௉.∆ሶ஻ಿሺௐି௔ሻ . ܨ′ (6.3-6) 
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Where ∆’ is the load-line displacement rate. Therefore C* is clearly a function of load level, 
geometry and also strain rate or displacement rate. 
 
Using the above discussion, it could be concluded that the reason ExP4-CT specimen 
illustrates a higher C* at the same level of loading as AsP1-CT, this could be related to the 
fact that this material has been exposed to service and already carrying some level of creep 
damage in its microstructure. This is represented in the CCG experiment as higher strain 
rate and consequently higher level of C* when the loading is the same as undamaged 
material (AsP1-CT). This corresponds to faster CCG rate for the service exposed material 
compared to as-received one. 
 
From Chapter 5, looking into Figure 5.1-3 also provides evidence that the strain rate for 
service exposed material is higher at the same level of stress compared to as-received one. 
This is far more obvious when looking into the Weldment specimen possibly due to 
accumulated damage that Weldment experiences during service time. 
 
The exact same discussion goes to ExP5-CT which was produced from the same service 
exposed material as ExP4-CT and AsP2-CT which was produced from the same as-received 
material as AsP1-CT. The loading level on these two specimens is also identical (5300 N) 
and they exhibits a very similar behaviour as the two previous ones but in a lower C* level as 
the applied load is less compared to ExP4-CT and AsP1-CT. 
 
Similar discussion could go to other specimens with the same level of loading but different 
material. In other case, the same level of loading (5700 N) was applied to the ExW1-CT and 
AsHAZ1specimen from the Figure 6.3-3 it is seen that the same amount of loading has 
resulted in higher values of C* for the weld specimen compared to as-received HAZ and this 
again using the above argue corresponds to faster crack propagation rate for that specimen. 
 
The ExHAZ2specimen was subjected to a lower level of loading (5000 N) compared to the 
two previous ones. However, the CCG rate result is very close to as-received HAZ material 
(AsHAZ1) which could be an indication that service exposure has had microstructural effects 
on the ExHAZ2 specimen. Due to the difference in creep strengths the C* values of the 
ex-service specimen are higher than for the as-received specimen. As such, the CCG 
propagations rates are higher. On the other hand, the ex-service parent material specimen, 
ExP1-CT was subjected to a higher load (8000 N) than the rest of the Grade 91 specimens 
however it exhibited smaller CCG rate. 
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From all the above discussion it could be concluded that it is potentially a reasonable 
assumption is a similar trend and CCG rate equation are applied to both service exposed 
and as-received materials, however due to the difference in their strain rate, the final CCG 
rate results will be different (faster propagation for service exposed material at identical 
situation). Similar trends have also been observed from new and ex-service parent material 
of a steel steam pipe [24]. 
 
Figure 6.3-4 provides this trend for Grade 91 Parent Material and Grade 91 Weldment (Note 
the specimen from pure weld metal, ExW1-CT has been removed from this data set). 
 
Figure 6.3-4 Parent material and Weldment CCG rate data in comparison with Grade 91 
scatter band. 
 
From Figure 6.3-4, two main features it can be observed: 
 
1. Data for Weldment generally illustrates faster CCG rate in comparison with parent 
material. This was expected considering the creep properties of HAZ. Looking into 
Figure 5.1-1 to 5.1-3 provides the same conclusion as the parent material shows 
significant higher creep resistance properties. 
2. Data generated in this experimental work is within the Grade 91 scatter. Therefore the 
overall Grade 91 equation from Table 6.3-2 could still be considered suitable to 
represent parent material as well as weldment. 
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 Prediction of long-term CCG rate behaviour for Grade 91 6.3.3
material using uniaxial data 
To apply the discussion from 6.2.2 to the predictive CCG models, Grade 91 scatter band 
developed in section 6.3.1 was used together with experimental results from this work as 
well as data from [25]. Figure 6.3-5 summarises the results. Here, an overall value for high 
stress and low stress condition from Figure 6.2-4 (nA = 9.7 and AA = 2 x 10-26) were assumed 
to fit in creep strain rate power law. 
 
 
Figure 6.3-5 Using different failure strain values to predict creep crack growth rates at 
medium and high C* regime and comparison with the short term scatter band of Modified 
9Cr CCG data at 580-625oC. 
 
For NSW plane stress condition, the creep ductility was assumed to be the failure strain at 
the tensile. Using a constant value from the tensile failure strain data (εf = 33%) in NSW 
model provides 6.3-2 as follows: 
 
ሶܽ ൌ 11 ൈ ܥ∗଴.ଽ  (6.3-7) 
 
The plot of this equation is given in Figure 6.3-5. Comparing this plot with Grade 91 scatter 
band introduced in the previous section shows it fits well with the lower band for the current 
available CCG data in high value of C* and consequently in lower C* values. It should be 
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noted that this is considered to be in plane stress condition therefore higher predictive values 
of CCG rate are expected when considering a plane strain condition. For NSW plane strain 
condition, the creep ductility was assumed to be the lower creep ductility observed in 
Figure 6.2-7, as assumed to be the lower bound ductility limit. 
 
Using a constant value from the failure strain data at the transition point from Figure 6.2-7 
(εf = 18%) in NSW model provides 6.3-2 as follows: 
 
ሶܽ ൌ 21 ൈ ܥ∗଴.ଽ (6.3-8) 
 
The prediction is closer to the middle of the data band. However it is still unable to provide a 
conservative prediction of the upper band. To fix this problem, another approach was 
adopted where the creep ductility is assumed to be obtained from the MMG approach (see 
Figure 6.2-8). The failure strain obtained from this approach at transition point (εf = 0.8%) 
was used in NSW model which will provide 6.3-2 as follows: 
 
ሶܽ ൌ 480 ൈ ܥ∗଴.ଽ (6.3-9) 
 
The plot of this equation in Figure 6.3-5 shows it can appropriately predict the upper bound 
CCG rate from existing test results. 
 
To illustrate the most extreme case, the lowest MMG from Figure 6.2-9 (εf = 0.2%) was also 
used. This value may be obtained by applying the method from Figure 6.2-8 to longer test 
duration; if the criteria of the failure strain is considered as the cross section of secondary 
creep and rupture time, a value of 0.2% creep ductility could be assumed for long-term 
uniaxial test which corresponds to low C* creep crack growth experiments. In the previous 
work [17] it was shown that current scatter band is only validated for values of C* greater 
than 10-6 MJ/m2h. From Figure 6.3-5, the following equation is proposed for CCG rate 
prediction for Grade 91 when C* < 10-5 MJ/m2h gives: 
 
ሶܽ ൌ 1900 ൈ ܥ∗଴.ଽ (6.3-10) 
 
When referring to the long-term CCG behaviour of Grade 91 parent material and weldment, 
this may be equivalent to C* as low as 10-9 MPam/h. To demonstrate how the prediction of 
long-term CCG may look like based on the above discussion (ie Equation 6.3-9 and 6.3-10), 
the data from Figure 6.3-5 was extrapolated to low C*. The result is provided in a new figure 
below: 
 123  
 
Figure 6.3-6 Extrapolation of creep crack growth rates at the low C* regime compared with 
the short term scatter band of Modified 9Cr CCG data at 580-625oC. 
 
As seen in Figure 6.3-6, this approach provides the prediction line which is more likely to be 
capable of predicting the long-term CCG behaviour of modified 9Cr based material. 
 
In Chapter 9, two in service failure cases are examined using this approach to validate the 
idea and discussed in details. The validation of this analysis is crucial and long-term CCG 
data are needed to support the prediction model. 
 
Despite fact that the long-term CCG data are not available for this material, long term CCG 
tests on grade 316 stainless steel by EDF Energy Ltd [26] indicate that the correlations show 
similar trends to the prediction shown here for Grade 91. 
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6.5 Nomenclature 
 
 
AA 
Stress and temperature dependent material parameters for average 
of all three stages of creep. 
A Stress and temperature dependent material parameters. 
ሶܽ   Creep crack growth rate 
a  Crack size 
ሶܽ ேௌௐ  NSW-model creep crack growth rate 
	ܤ௥    Temperature dependent material constants 
ܥݎு஺௓ି௠௜௡   HAZ minimum creep rate 
ܥݎு஺௓ିܽݒܽ   HAZ average creep rate 
ܥݎ஻ெି݉݅݊   Parent material minimum creep rate 
ܥݎ஻ெିܽݒܽ   Parent material average creep rate 
C* steady state creep correlating parameter (MJ/m2.h) 
D Power law coefficient in empirical creep crack growth law 
IN integration constant that depends on 
n  Norton creep index 
nA Norton creep index for average of all three stages of creep. 
r Radial distance from the crack tip 
ݎ௖   
creep process zone (which is often taken as the average grain size of 
the material) and the multiaxial creep ductility 
ݐ௥  Time to rupture 
ߝ௙଴  Uniaxial failure strain at ߪ଴ 
ߝ଴  Strain rate at ߪ଴ 
ԑfMMG Monkman-Grant (MMG) failure strain 
ߝ௙  Uniaxial creep failure strain (creep ductility) 
ߝ஺   Average strain rate 
ߪ଴.ଶ   0.2% proof stress 
ߪ଴  Stress and temperature dependent material parameters. 
ߪ   The stress value 
ߥ௥    Temperature dependent material constants 
߮  Power law exponent in empirical creep crack growth law 
∆’  load-line displacement rate 
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6.6 Abbreviation 
CCB  Circumferentially Cracked Bar 
HIDA  High temperature defect assessment 
ACR  Average creep rate 
MCR  Minimum creep rate 
CCG Creep Crack Growth 
BS British Standard 
WSRF Weld Strength Reduction Factor 
BM Base material 
WM Weld metal 
HAZ Heat Affected Zone 
MMG Monkman-Grant failure strain 
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Chapter 7 Grade 91 Weld Risk-
Based Life Assessment (RBLA) 
Algorithm 
7.1 Background 
Plant operators are under increasing pressure to minimize life cycle costs whilst maintaining 
availability targets and safety compliance. Risk-based approaches have grown out of this 
industry need and increasingly such approaches must integrate cost analyses. Owing to 
weld integrity issues and high capital cost, Grade 91 steam piping is an area which will 
benefit from such an approach. 
 
Engineers faced with run-repair-replace decisions do not normally make themselves heard in 
financial terms. However, by defining risks and through the introduction of risk-mitigation 
measures (eg improved factors influencing material properties, inspection, timely repairs, etc) 
it is possible a maintenance plan in order to obtain maximum value from the associated 
budgets. 
7.2 Risk-Based Assessment 
The proposed technique for the optimization of plant management is intended to maximize 
the value of an operator’s maintenance or inspection budget. The probabilistic Risk-Based 
Life Assessment (RBLA) approach requires multi-disciplinary skills in decision theory, 
probabilistic degradation modelling, and engineering financial analysis. 
 
The method is cantered on risk analysis and financial appraisal. This fully quantitative 
technique is applicable to components for which failure databases exist, or for failure 
mechanisms for which the damage can be modelled. The latter is relevant to the present 
case of high energy piping. 
 
The input information required for probabilistic remaining life model and uncertainty 
distributions in the model input parameters. Uncertainty distributions in material properties 
(eg stress rupture data scatter) and uncertainties in stress levels are pertinent to the present 
case of high energy piping. The associated uncertainty distributions are subjected to a 
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probabilistic analysis (eg Monte Carlo simulation method) to yield the failure probability as a 
function of forward time [1]. 
 
An expected failure risk in monetary terms is derived by combining the probability of failure 
and the consequential failure cost. The decision model is therefore formulated by 
considering the cost of the maintenance action with the failure risk. In the event the 
maintenance action is delayed, the expected failure risk in the year in which the action is 
performed is derived in the same way. After the action is performed, a revised probability of 
failure is used to derive the expected failure risk after the action. 
 
The RBLA concept is not new and risk-based methods, in general, are in current use in 
many industrial production facilities. The innovation however comes with the systematic 
application to critical power generation assets in a fully quantitative risk and cost manner 
specifically the approach is to provide utilities with an application tool to cost-effectively and 
consistently manage the challenges that utilities face, particularly the introduction of new 
materials and/or more onerous operating conditions. 
 
The role of Asset Manager or a designated RBLA role at station or utility level is becoming 
increasingly important on this basis. (NB. utilities that adopt an asset management or RBLA 
business model in many cases make some structural re-alignment to facilitate effective 
implementation. These changes often involve O&M as well as commercial functions in order 
to achieve coordination and integration of activities aimed at the optimum balance of risk, 
cost and performance). The responsibility of the role is to develop asset life cycle plans 
(ALCP) for those station assets deemed to be critical particularly in terms of availability and 
other failure consequence costs. Such plans must envelop all inspection, maintenance and 
refurbishment actions and associated timelines and be aligned to the corporate strategy of 
the given station or unit. Once the plan has been challenged and approved it can be 
authorized for implementation through Station briefs or memoranda on an asset by asset 
basis. 
 
High energy piping (HEP) is one such critical asset area. This algorithm is targeted on utility 
asset managers or designated personnel in providing them with a RBLA model for assisting 
in developing ALCPs for the specific case of Grade 91 steel HEP. The ALCP output from this 
procedure aims to encapsulate all aspects of the ASME piping inspection codes such as 
ASME B31.1 and ASME B&PV Section 1 [2, 3]). 
 
The algorithm will incorporate all relevant building blocks from the knowledge base 
developed in previous works on Grade 91 steel. 
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7.3 Objectives 
Develop an algorithm to enable life assessment of Grade 91 main steam piping and hot 
reheat piping through a Risk-Based Assessment process. The algorithm covers: 
 
 Main steam and hot reheat piping. 
 Grade 91 welded piping systems under base-load operation. 
 Fully quantitative probabilistic remaining life analyses. 
 
7.4 Approach 
A material limit state equation was developed using majority of data presented in Chapter 6. 
An algorithm was developed to integrate this data into a Risk Based Life Assessment (RBLA) 
approach to be used to create a maintenance plan for Grade 91 steam piping. 
 
  Equipment and components under assessment 7.4.1
The main equipment items considered under this development work are main steam and hot 
reheat piping. Each weld on this equipment is considered and assessed as an individual 
component and three categories are assumed; circumferential welds, main T-joint, other 
T joints (ie drain, etc). 
 
  Material Input 7.4.2
After analysing all Grade 91 data, the rupture limit state equation developed at TWI [4], was 
considered to be the most appropriate equation to represent the creep rupture behaviour of 
Grade 91 weldments. This is provided in Equation 7.4-1. 
 
log ݐ௥ ൌ 12.3 ൅ ሺ଴.଻ିଵ଺ ୪୭୥ఙሻൈሺ்ି଺଴଴ሻଵ଴଴଴  (7.4-1) 
 
Where: 
tr  is time to rupture in hours 
σ  is stress in MPa 
T  is temperature in Kelvin 
 
It is assumed that tr is log-normally distributed with the mean obtained by using 
Equation 7.4-1, and, initially, a standard deviation (also referred to as the scatter band) of 
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±20% of the mean to account for different uncertainties. This initial variation is obtained from 
analysing data from Figure 6.2-2 and may be refined based on various parameters 
(eg composition, QA/QC). Also, a range for temperature and stress values will be considered 
as inputs to the model. 
 
As mentioned above, the scatter band of the creep rupture data is considered to be a 
function of different parameters such as material composition, etc. further material input 
parameters should be considered within the algorithm and the user shall input the data. It 
should be noted that this model creates a framework. Therefore if further material inputs are 
necessary to be considered, the model has no limitation to include them. As the minimum, 
this may include information regarding: 
 
 WPS including PWHT 
 Parent material hardness 
 Parent material composition 
 
The proposed rationale for setting the scatter band is based on the premise that the greater 
degree of certainty in the parameters affecting the material’s mechanical performance then 
the lower the scatter band width. These parameters can be primary parameters such as 
welding procedure specification (WPS) and parent material hardness and influence 
parameters such as parent material composition and parent material initial heat treatment. 
 
If the degree of certainty in these parameters is low (ie little information is available or there 
is a variation outside specification) then the default condition assumed is a scatter band of 
20%. If however the degree of certainty in these parameters is high then a reduction in the 
scatter band is considered reasonable (eg 15% < scatter band <20). 
 
Standard specifications can be obtained from the latest revision of ASME B31.1 (2012) [3] 
and ASME B&PV Section 2 (2013) [5]. 
 
  Stress Input 7.4.3
The stress input in this model is considered as maximum principal stress acting 
perpendicular to the weld and the value could be calculated using analytical models using 
handbooks or numerical methods using Finite Element Modelling (FEA). The stress analysis 
needs to be carried out for un-damaged body preferably the stress analysis should consider 
creep. In practice, the actual stress value is heavily dependent on actual set up of the piping 
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system, position of hangers, etc. which all need to be considered when the analysis is 
performed. 
  Model for Assessing the Probability of Failure 7.4.4
In this module, the probability of failure (PoF) per year is calculated for the component under 
consideration. And a probability of failure curve will be presented as one of the outputs from 
this module. 
 
The assumptions listed below are applied in this part to calculate the component PoF: 
 
a. The value of time to rupture (tr) was calculated using Equation 7.4-1. tr was assumed to 
be log-normally distributed with the mean, in order to avoid the problem of sampling 
impossible negative values which might arise if a normal distribution were used [6]. And 
its variance decided based on the degree of certainty in the material parameters, using 
the procedures described in the previous section. 
 
b. In Equation 7.4-1, the parameter temperature (T) and stress (σ) were assumed to be 
normal distributed as well. A range of temperature and stress values may be used for 
calculating the time to rupture. 
 
c. “Failure” is the time to reach half the time to rupture if there is no inspection information 
received, otherwise, this failure trigger may be altered according to the inspection results. 
The basis for this 50% time to rupture to be selected as the failure trigger is 
demonstrated in Figure 7.4-1. This figure provides the analysis of over 40 tests on which 
the ratio of time to start of tertiary creep to the rupture time is evaluated. 
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Figure 7.4-1 analysis of time to start tertiary creep as the failure trigger. 
 
If it is assumed that the useful life of the component is to the level of creep damage when it 
reaches the tertiary stage, the ratio of time to start tertiary creep to the rupture time could 
potentially be used as the failure trigger. In Figure 7.4-1 10% cumulative was chosen as the 
criteria and this corresponds to 50% ratio of time to tertiary creep over rupture time and 50% 
was therefore selected as the failure trigger. 
 
The step-wise process for building PoF model can be briefly described below:  
 
Step 1. Define the variance (also known as scatter band) for each weld as described in 
assumption a) above  
Step 2. Input the operating temperature and the deviation of temperature.  
Step 3. Derive stress value for from FEA or other methods as discussed in section 7.4-3 
incorporating user defined stress deviation.  
Step 4. As per the assumptions above, the values of temperature and stress are normal 
distributed. Therefore, in order to obtain a more accurate time to rupture, Monte Carlo 
probabilistic simulation methodology is applied, and 108 normally distributed temperature 
and stress values are generated by spreadsheets and applied in Equation 7.4-1 to 
produce the tr value with a high degree of accuracy. 
Step 5. Build the PoF model. The nth year PoF can be calculated as below: 
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ܲ݋ܨ௡ ൌ ଵଶ ൅
ଵ
ଶ ൈ ݁ݎ݂ ቂ
୪୬ሺ௫ሻି௠௘௔௡೙
ௌ஽ൈ√ଶ ቃ (A.4-2) 
 
Where, 
 
x=0.5tr (the failure trigger 0.5 is used when there is no inspection information received, it 
may change by user according to the inspection results). 
 
Meann=tr-n+1 (n is the n of nth year, eg mean5=tr-5+1 is the calculation for the 5th year). 
 
SD=scatter band × tr, (The scatter band is decided though the procedures described in 
Step 1) 
 
erf	ሺxሻ is error function, here,: 
 
	erf ൬lnሺݔሻെ݉݁ܽ݊݊ܵܦൈඥ2 ൰ ൌ
ଶ
√஠ ׬ eି୲
మ dt
lnሺݔሻെ݉݁ܽ݊݊
ܵܦൈඥ2
଴  (7.4-3) 
 
So the function of PoFn can be also written as: 
 
POF୬ ൌ ଵ√஠ ׬ eି୲
మ
lnሺݔሻെ݉݁ܽ݊݊
ܵܦൈඥ2
଴ dt ൅
ଵ
ଶ (7.4-4) 
 
Step 6. Plotting PoF curves for each weld (Figure 7.4-2 below is an example screenshot) 
as the output from this module, where the line PT represents the PoF target which is 
user input in the beginning. 
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Figure 7.4-2 Example of PoF-time curves for different welds with different tr. 
 
 Model for Assessing the Consequence of Failure  7.4.5
The output from this module may include: the total consequence of failure in monetary terms, 
the injury consequence area. 
 
The total CoFt will be evaluated using an equation of the type and the approach shown 
below. This can be modified in consultation of the operator at each specific case to include 
other factors. Consequences may be broadly classified into personnel, economic, societal 
and environmental impacts. 
 
ܥܱܨ௧ ൌ ܥܱܨ௢௨௧௔௚௘ ൅ ܥܱܨ௜௡௝௨௥௬ ൅ ܥܱܨ௖௢௠௣ (7.4-5) 
 
Where: 
ܥܱܨ௢௨௧௔௚௘  is the business lost due to unplanned outage, broadly considered social, 
economic, and environmental impact. 
ܥܱܨ௜௡௝௨௥௬ is the associated cost and penalty for personnel injury 
ܥܱܨ௖௢௠௣ is the sum of total repair / replacement cost and inspection cost . 
 
Two failure modes are considered - leakage or rupture. Each of the CoF cases in 
Equation 7.4-5 will be evaluated against these failure modes. 
 
 136  
In the equation below, the fraction of failure due to leakage for each individual weld is 
presented by K. K is a specific case input and shall be evaluated for each weld based on the 
state of stress (membrane or bending). Guidelines on how to estimate the K is one of the 
future work for this development. 
 
Therefore for the business lost due to unplanned outage: 
 
ܥܱܨ௢௨௧௔௚௘ ൌ ܭ ൈ ܥܱܨ௢௨௧௔௚௘,௟௘௔௞ ൅ ሺ1 െ ܭሻ ൈ ܥܱܨ௢௨௧௔௚௘,௥௨௣ (7.4-6) 
 
Where ܥܱܨ௢௨௧௔௚௘,௟௘௔௞ and ܥܱܨ௢௨௧௔௚௘,௥௨௣ are business losses during the unplanned outage for 
leakage and rupture respectively. 
 
This arrangement is analogous to the definition of effective stress from [7] which is defined 
as the stress applied in uniaxial plain bar specimen which has the same lifetime as the 
notched bar specimen and is: 
 
ߪ௘௙௙ ൌ ߙ ൈ ߪଵ ൅ ሺ1 െ ߙሻ ൈ ߪ௩ (7.4-7) 
 
Where α is determined from the experimental data. Thus for α = 1 failure is controlled only 
by the principal stress, whilst for α = 0 it is controlled by the von Mises stress. 
 
Similar to the above, for the total repair cost: 
 
ܥܱܨ௖௢௠௣ ൌ ܭ ൈ ܥܱܨ௖௢௠௣,௟௘௔௞ ൅ ሺ1 െ ܭሻ ൈ ܥܱܨ௖௢௠௣,௥௨௣ (7.4-8) 
 
Where: 
ܥܱܨ௖௢௠௣,௟௘௔௞  is the repair / replacement cost (including associated inspection cost) in the 
event of leakage. 
ܥܱܨ௖௢௠௣,௥௨௣  is the repair / replacement cost(including associated inspection cost) in the event 
of rupture. 
 
And also for the total cost in the event of failure which results to personnel injury: 
 
ܥܱܨ௜௡௝ ൌ ݌݁݋݌݈݁	݀݁݊ݏ݅ݐݕ ൈ ݆݅݊ݑݎݕ	ܿ݋ݏݐ	݌݁ݎ	݌݁ݎݏ݋݊ ൈ ܥ݋݊ݏ݁ݍݑ݁݊ܿ݁	ܣݎ݁ܽ (7.4-9) 
 
Where Consequence Area (ܥܣ௜௡௝ሻ is calculated due to personnel injury in the event of steam 
leakage and rupture respectively, and calculated with the following equations: 
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ܥܣ௜௡௝ ൌ ܭ ൈ ܥܣ௜௡௝,௟௘௔௞ ൅ ሺ1 െ ܭሻ ൈ ܥܣ௜௡௝,௥௨௣  (7.4-10) 
 
The values of consequence area are estimated according to API 581 Risk-Based Inspection 
Technology level 1 Consequence Analysis for Non-Flammable Non-Toxic Consequences [8]. 
 
As is stated in API RBI, steam represents a hazard to personnel who are exposed to steam 
at high temperatures rather than resulting in a component damage consequence. In general, 
steam is at 100°C (212°F) immediately after exiting a hole in an equipment item. Within a 
few feet, depending upon its pressure, steam will begin to mix with air, cool and condense, 
hence the temperature is reduced. The approach used here is to assume that injury occurs 
only above 60°C (140°F). This temperature was selected as the threshold for injury to 
personnel, as this is the temperature above which OSHA requires that hot surfaces be 
insulated to protect against personnel burns. The detail of calculation is not presented here 
as the procedure is entirely based on reference [8]. 
 
 Proposed demonstration of risk results 7.4.6
The risk in this algorithm is considered to be business risk and is calculated as $/year (or 
£/year), which is calculated using Equation 7.4-11 below, 
 
ܴ݅ݏ݇ ൌ ܲ݋ܨ ൈ ܥ݋ܨ  (7.4-11) 
 
As the output of this module, the algorithm demonstrates the risk as the function of time on a 
graph as well as at a given time on a risk matrix and all the post-assessment sensitivity 
analysis will be conducted based on this, which will be discussed in details in the following 
sections. 
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Figure 7.4-3: Risk-time curves for each weld. 
 
Figure 7.4-3 is an example of risk-time curves for each weld, the horizontal. 
 
Figure 7.4-4 below is an example of risk-matrix, where each round point represents a weld. 
The category (Table 7.4-1) of each weld at the assessment year is decided by combining its 
failure probability (vertical) and failure consequence (horizontal) together. The colour of each 
category, with the order of deep green, light green, yellow, orange, and red, demonstrates 
the increment of the risk level of each weld. The category marked with “User Target” is the 
user targeted risk category. 
 
 
Figure 7.4-4 Proposed risk matrix together Likelihood and Consequence categories. 
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Table 7.4-1 Risk matrix categories 
Probability Category Consequence Category ($) 
1 10-6 – 10-5  A Less than 10,000 
2 10-5 – 10-4 B 10,000 to 100,000 
3 10-4 – 10-3 C 100,000 to 1,000,000 
4 10-3 – 10-2 D 1,000,000 to 10,000,000 
5 10-2 – 10-1 E Over 10,000,000 
 
 Model for Assessing the Effect of Mitigation Actions 7.4.7
Once the first analysis is completed and risk result is demonstrated, if the risk is exceeding 
the target, mitigation actions are required. From the discussion above, the mitigation actions 
through likelihood described in the following sections are credible; a sensitivity analysis may 
be carried out to see if changes in these factors will contribute sufficiently to the risk 
mitigation. 
 
This procedure can be briefly demonstrated by the flowchart in Figure 7.4-5 below, and the 
detailed effect of each factor is explained in the following sections. 
 
 
Figure 7.4-5 Procedure of mitigation actions. 
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7.4.7.1 Carrying out stress analysis 
As creep is highly sensitive to the stress value, specifically conducting stress analysis may 
affect the remaining life significantly. In this algorithm, the stress values can be obtained 
from analytical calculation or numerical modelling. Usually numerical modelling provides a 
more accurate estimate of the stress therefore FEA could be used as a mitigation action to 
refine the level of stress. However it should be noted that the use of FEA is only justified if 
the results is sensitive to the stress value. 
 
7.4.7.2 Measuring the hardness 
As discussed in section 7.4.2, to improve the level of certainty in material input parameters 
enables refinement of the material data scatter band. The option for re-considering material 
input parameters is provided during mitigation action in the algorithm. If, for example, there a 
possibility to take some parent material hardness measurements and have a better 
understanding of the hardness of the component, the benefit could be a significant extension 
in the life. This is illustrated in Figure 7.4-6. 
 
 
Figure 7.4-6 Change in the risk results with variation in material data scatters. 
 
In the other words, this action allows user to re-consider the material input parameters, 
which will change the standard deviation (scatter band) used in calculating PoF. The 
flowchart in Figure 7.4-7 below briefly shows the procedure of this action: 
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Figure 7.4-7 Procedure for mitigation using hardness. 
 
7.4.7.3 Measuring the temperature 
Temperature is another important parameter which will inflect the assessment results of both 
PoF and CoF. After inspection, there may be a potential to get a more practical operating 
temperature along with a narrower temperature range rather than just using a theoretical 
design temperature for analysis. 
 
Changing temperature will change the result of time to rupture calculated using 
Equation 7.4-1, hence effect the POF assessment. In the case of COF assessment, 
temperature is also an important parameter when estimating personnel injury consequence 
area (CA). As explained in 8.4.5 the model proposed by API RP 581 was used for the CA 
calculation therefore the details is not discussed here. 
 
7.4.7.4 Quantifying the level of the damage using NDT 
Once a high confident Type IV damage status is identified using NDT inspection, the 
following procedure can be used in this algorithm to facilitate the relationship between 
inspection and risk mitigation. 
 
Figure 7.4-8 shows a typical creep curve. The failure criteria used in in this algorithm is 50% 
of time to rupture which is shown on the diagram. The probability curve in procedure is the 
probability of time to be equal to 50% of time to rupture. The material illustrates a certain 
amount of damage in this condition. If inspection proves that the actual amount of damage is 
less than failure criteria at the time of inspection, then the probability (and as a result, the 
risk) will change accordingly. Figure 7.4-9 shows if this inspection is carried out at year 15 
after commissioning, how it may affect the risk level. However the inherent limitation in all 
NDT techniques is their detectability of the volumetric or through-thickness damage state. 
This algorithm assumes a limit on each NDT technique to characterize their ability to identify 
the true state of Type IV damage. This limit is set as the damage state on the creep curve 
and the relevant life fraction (time/tr) is taken into consideration to calculate the risk after 
inspection. 
 
Therefore, in this algorithm, the damage amount and the percentage of tr reached is linked. 
In the other words, the input is required on what percentage of tr this damage has reached 
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by analysing the Type IV damage inspection results, then use this percentage of tr as failure 
trigger for PoF analysis. 
 
The idea is assuming the failure time is 50% of tr at first, so if the real damage at the time of 
assessment is better than the predication (eg just 45% of tr reached), the remaining life 
would become longer. 
 
An example may be as follows. A particular weld is shown, after all other risk mitigation 
actions, still to have a high probability of failure and associated high risk level, yet a thorough 
replica inspection of the critical weld reveals no creep damage. The implication in this case 
is that the actual material creep properties are better than expected (towards the top of 
scatter band) or possibly the prevailing stress level is lower than computed. In such a 
situation, using a conservative judgment or ‘rule of thumb’, eg no damage reliably means 
less than 0.7 life fraction has been consumed, would enable the failure probability and hence 
the risk level to be refined downwards. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4-8 Type IV damage during the creep deformation process and trigger for failure. 
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Figure 7.4-9 Inspection effect on the changes in the level of risk. 
 
7.4.7.5 Evaluating the effect of the quality of repair 
Once the severe damage is identified, the action of repair will be expected. The quality of 
repair may as good and sufficient as a new weld, which means the condition of a qualified 
repaired weld is as same as a new weld. Therefore the life assessment for an effective 
repaired weld should be re-evaluated starting from its repair date and treated as a new weld. 
Figure 7.4.10 below shows how PoF curve moves because of repairing. 
 
 
Figure 7.4-10 PoF curve moves because of repairing. 
 
On the other hand, if the quality of repair is not sufficient and effective enough, the 
assessment results will stay the same as non-repaired damaged weld. 
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Figure 7.4-11 Overall Procedure Flowchart. 
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7.6 TERMINOLOGY, NOMENCLATURE and Abbreviation 
 Terminology 7.6.1
Welding Procedure Specification (WPS): 
A Welding Procedure Specification (WPS) is a formal written document describing welding 
procedures, which provides direction to the welder or welding operators for making sound 
and quality production welds as per the code requirements. 
Log-normal distribution: 
In probability theory, a log-normal (or lognormal) distribution is a continuous probability 
distribution of a random variable whose logarithm is normally distributed. 
Monte Carlo Simulation: 
Monte Carlo simulation is a computerized mathematical technique that allows people to 
account for risk in quantitative analysis and decision making. The Monte Carlo method 
involves randomly sampling the distributed input variables many times, carrying out a 
deterministic assessment for every trial. 
Error Function: 
In mathematics, the error function (also called the Gauss error function) is a special function 
(non-elementary) of sigmoid shape which occurs in probability, statistics and partial 
differential equations. It is defined as: 
 
erfሺݔሻ ൌ ଶ√గ ׬ ݁ି௧
మ݀ݐ௫଴  (7.6-1) 
 
Failure Trigger: 
The failure trigger is the life fraction defined as life consumed to the total time to rupture. 
When the consumed life fraction of a component reaches the failure trigger, the component 
is regarded as failure. 
Probability of detection (POD): 
Probability of detection is the ratio of detected aims to the number of all possible attempts on 
the radar screen, ie all possible targets in a given direction. In the procedure, it is referred as 
the probability of detecting a damage using a specific inspection technology. 
Planning period: 
This is the time horizon (in years) over which the RBLA user wants to conduct the 
optimisation analysis. 
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 Nomenclature 7.6.2
tr Time to rupture, hours. 
σ Stress, MPa 
σeff Effective stress 
σ1 Maximum principal stress 
σv Von Mises stress 
a Material constant 
T Temperature, Kelvin 
x Time regarded as failure occurs, years 
meann The mean of the distribution at nth year, years 
SD The standard deviation of the distribution, years 
݁ݎ݂	ሺݔሻ Error function 
ܱܲܨ௡ The nth year probability of failure, unit-less 
CoFt Total consequence of failure, $ or £ 
ܥܱܨ௢௨௧௔௚௘ business lost due to unplanned outage, $ or £ 
ܥܱܨ௜௡௝௨௥௬ Associated cost and penalty for personnel injury, $ or £ 
ܥܱܨ௖௢௠௣ Sum of total repair / replacement cost and inspection cost, $ or £ 
ܥܱܨ௢௨௧௔௚௘,௟௘௔௞ business loss of unplanned outage due to leakage, $ or £ 
ܥܱܨ௢௨௧௔௚௘,௥௨௣ business loss of unplanned outage due to rupture, $ or £ 
ܥܱܨ௖௢௠௣,௟௘௔௞ 
Sum of total repair / replacement cost and inspection cost due to 
leakage, $ or £ 
ܥܱܨ௖௢௠௣,௥௨௣ 
Sum of total repair / replacement cost and inspection cost due to 
rupture, $ or £ 
K The fraction of failure due to leakage, unit-less 
ܥܣ௜௡௝ Total personnel injury consequence area, mଶ 
ܥܣ௜௡௝,௟௘௔௞ Personnel injury consequence area due to leakage, mଶ 
ܥܣ௜௡௝,௥௨௣ Personnel injury consequence area due to rupture, mଶ 
ܰܲ ௡ܸ The nth year NPV value, $ or £ 
C Current year 
n Action year 
CPt (PV) Total present action cost, $ or £ 
r Interest charged, unit-less 
a Tax rate, unit-less 
N Planning period, years 
B Rate at which action cost increased, unit-less 
DM Depreciation period, years 
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CBt(PV) Total present outage cost, £ or $ 
CPn Action cost at the action year (nth year), $ or £ 
ܻܵܦ௧ 
Sum-of-years' digits depreciation of an asset for a specified period, $ or 
£ 
G Annual action cash flow, $ or £ 
CBt Expected outage cost, $ or £ 
L Total PV annual outage cost EV, $ or £ 
S Total PV avoided annual outage cost EV, $ or £ 
ܥ௣ The specific heat of the released fluid, J/kg-K 
K The release fluid ideal gas specific heat capacity ratio, unit-less 
R The universal gas constant = 8,314 J/(kg-mol)K 
dn The diameter of the nth release hole size, mm 
Wn 
The theoretical release rate associated with the nth release hole size, 
kg/s 
Wmax8 
The maximum flowrate of additional mass that can be added to the 
release as contributed from the surrounding equipment in the inventory 
group, kg/s 
௧ܲ௥௔௡௦ 
The transition back pressure, kPa. Higher back pressures will result in 
subsonic vapor flow through the release hole, lower back pressures will 
cause choked or sonic flow across the release hole. 
௔ܲ௧௠ The atmospheric pressure, kPa 
௦ܲ The storage or normal operating pressure, kPa  
MW The release fluid molecular weight, kgb/kg-mol 
Ts The storage or normal operating temperature, K 
gc The gravitational constant =1.0(kg −m) (N − s2 ) 
An The hole area associated with the nth release hole size, mm2 
Massavail,n 
The available mass for release for each of the release hole sizes 
selected, associated with the nth release hole size, kg 
ߩ௦௧௘௔௠ The steam density, kg/m3 
ܯܽݏݏ௖௢௠௣ 
The inventory fluid mass for the component or piece of equipment being 
evaluated, kg 
ௌܸ The steam volume, m3 
ܯܽݏݏ௜௡௩ The inventory group fluid mass, kg 
௜ܸ௡௩௘௡௧௢௥௬	௚௥௢௨௣ The inventory group volume, m3 
tn 
The time to release 10,000 lbs of fluid mass, calculated for each of the n 
release hole sizes selected, s 
factdi The release magnitude reduction factor, based on the detection and 
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isolations systems present in the unit. 
ldmax,n. 
The maximum leak duration associated with the nth release hole size, 
minutes 
raten 
The adjusted or mitigated discharge rate used in the consequence 
calculation associated with the nth release hole size, kg/s 
massn 
the adjusted or mitigated discharge mass used in the consequence 
calculation associated with the nth release hole size, kg 
ldn 
The actual leak duration of the flammable release based on the 
available mass and the calculated release rate, associated with the nth 
release hole size, s 
ܥܣ௜௡௝,௡஼ைே் The consequence area for a continuous release, m2 
ܥܣ௜௡௝,௡ூேௌ்  The consequence area for an instantaneous release, m2 
݂ܽܿݐ௡ூ஼  
The continuous/instantaneous consequence area blending factor 
determined for each release hole size, associated with the nth release 
hole size 
ܥܣ௜௡௝,௡௟௘௔௞  
the personnel injury non-flammable, non-toxic consequence area for 
steam or acid leaks, associated with the nth release hole size, m2 
ܥܣ௜௡௝,௡௥௨௣  
the personnel injury non-flammable, non-toxic consequence area for 
steam or acid rupture, associated with the nth release hole size, m2 
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 Abbreviation 7.6.3
ALCP Asset Life Cycle Plans 
PM parent material 
CRO Cost-Risk Optimization 
CF Cash Flow 
COF Consequence of Failure 
CA Consequence Area 
CSEF Creep Strength Enhanced Steels 
EV Expected Values 
EPRI Electric Power Research Institute 
FEA Finite Element Analysis 
HAZ Heat Affected Zone 
HEP High Energy Piping 
HT Heat Treatment 
MW Molecular Weight 
NBP Normal Boiling Point 
NPV Net Present Value 
OSHA  Occupational Safety and Health Administration 
PWHT Post Weld Heat Treatment 
POF Probability of Failure 
PV Present Value 
POD Probability of Detection 
RBLA Risk Based Life Assessment 
RBI Risk-Based Inspection 
WPS Welding Procedure Specification 
 
 151  
Chapter 8 Validation Cases for Risk 
Based Life Assessment Procedure 
8.1 Background 
A Risk-Based Remaining Life (RBLA) integrity management procedure for Grade 91 piping 
material has been developed. Estimation of the remaining life based on the material limit 
state equation, assessing the risk associated with type IV creep damage and making 
recommendations on effective mitigation plan are the main area of assessment treated in 
this procedure. To validate the RBLA methodology and approach, the algorithm was tested 
against the results from failure investigation on four reported failure cases which were 
published in the public domain. The purpose of this validation work was to examine the 
RBLA procedure against the results of the failure investigation, hence no additional 
experiments has been carried out at this stage of this work. The algorithm was implemented 
on each individual case using the results from the investigation report in a stepwise 
procedure. The outcome of the validation is summarised in this chapter for each case. 
 
8.2 Case 1 
 Background 8.2.1
Extensive Type IV cracking has been observed on a header at Aberthaw Power Station 
installed in 1992 [1]. The header was constructed from six cylindrical barrel sections in 
accordance with ASTM A335 Grade 91. The general arrangement of these sections is 
depicted in Figure 8.2-1. The design condition of the header is: 
 
 Design pressure: 17.58MPa. 
 Design temperature: 580ºC. 
 Design life: 150,000 hours. 
 
In 2004, the header was inspected after 58,000 hours of operation and extensive Type IV 
cracking was found on branch and attachment welds. In 2006, the header was inspected 
after 67,000 hours of operation and further Type IV cracking was observed on stubs. The 
header was replaced in 2008. 
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Figure 8.2-1 General layout of the header. 
 
 Failure investigation 8.2.2
A failure investigation has been carried out and published [1]. The investigation focused on 
the following aspects:  
 
1. Distribution and type of cracking. 
2. Operating temperature. 
3. Material composition. 
4. Post-service examination and testing. 
 
Following is the summary of finding from the failure investigation work. 
 
8.2.2.1 Location of cracking 
All cracks on the large branch welds were found to affect both sides of the branch at the 
flank positions. All these cracks were located on the side weld toe of the header. Half of the 
stubs were cracked on one side only. 
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8.2.2.2 Dimension of cracking 
The largest crack length (surface) found on the branch was 185mm and the largest 
through-wall extent was 8mm. The maximum surface crack length found on an attachment 
weld was 310mm. 
 
8.2.2.3 Orientation of cracking 
Cracking, where present, was predominantly located on the barrel-side weld toes orientated 
parallel to the longitudinal axis of the header. 
 
8.2.2.4 Type of the cracking 
Metallurgical replication has confirmed that the cracking occurred in the Type IV position. 
 
 Operating temperature 8.2.3
Besides the fact that operating temperature plays a significant role in type IV cracking, no 
clear correlation was observed from the comparison of thermocouple data with the cracking 
pattern on stubs. 
 
 Material composition 8.2.4
The material chemical analysis showed that locations with a relatively low N:Al ratio 
experienced more cracking. This is probably because a low N:Al ratio can cause the 
formation of stress concentration, which will reduce the material creep strength to the bottom 
level of the scatter band. 
 
 Post-service examination and testing 8.2.5
The failure investigation reported several experiments which have been carried out to 
investigate the root cause of the failure, including chemical analysis, microscopy, and creep 
testing and post service examinations, etc [2]. The conclusions from these experiments has 
been summarised as per following: 
 
1. The primary damage was confirmed to be Type IV cracking. 
2. The HAZ was most susceptible to damage formation. 
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3. Relatively high densities of inclusions and brittle particles appear to increase the ease of 
creep void formation and the final damage appears to be formed by linking of the creep 
voids. 
4. The most vulnerable welds were those containing Type IV zones perpendicular to the 
hoop stress. 
5. A relatively low N: Al ratio and high aluminium content will decrease the rupture life. 
 
 Implementation of RBLA Procedure 8.2.6
The procedure input parameters for this case are listed in Table 8.2-1. 
 
Table 8.2-1 Procedure input data 
 
The operating conditions are derived from the published failure report. Figure 8.2-2 shows 
the prediction of Type IV life at 580ºC for a weak Grade 91 cast. The graph was provided by 
the investigators. 
 
 
Figure 8.2-2 Prediction of Type IV life at 580ºC for a weak Grade 91 cast under investigation. 
[1]. 
Temperature ∆ࢀ Pressure ∆ࡼ Stress Scatter band 
580ºC (design) 10ºC 17.58MPa 0.78MPa 71.33MPa 20% and 17% 
570ºC (operating) 10ºC 17.58MPa 0.78MPa 71.33 MPa 20% and 17% 
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It was concluded that the dominating stress was hoop stress from internal pressure. This is 
probably due to the following reasons: 
 
 No cracking was observed on the circumferential butt welds. 
 The absence of significant axial loading. 
 The uniform distribution of cracking along the header body. 
 All stubs cracking were located in the barrel-side flank positions. 
 
In summary, there is no evidence of excessive stress arising from external loads, and limited 
sign of additional bending loads on individual stubs. 
 
Creep stress analysis was performed to estimate the true value of the stress at the vicinity of 
the cracking and the value of 71.33MPa was calculated as the maximum principal stress 
perpendicular to the crack. Using this value together with Figure 8.2-2 at 580 ºC provides the 
rupture time predicted by RBLA. 
 
Figure 8.2-3 shows the probability-of-failure (PoF) curve plotted from the procedure, and 
Table 8.2-2 is the results summary. 
 
Table 8.2-2 RBLA outputs. 
Condition  Time to rupture 
PoF after 
58k hrs 
PoF after 
67k hrs 
PoF after 
78k hrs 
Time when PoF is 
6.12x10-5 
Design  
13.59 years 
(119,048 hours) 
0.0018 
 
0.04 
 
0.08 
 
20% 26280 
17% 35040 
Operating 
26.4049 years 
(231,306 hours) 
 
0.00018 0.00036 0.0014 
20% 43800 
17% 53000 
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Figure 8.2-3 Probability of failure for Case 1 as predicted by RBLA. 
 
 Sensitivity analysis using the RBLA 8.2.7
The RBLA procedure sensitivity analysis has been carried out to demonstrate the effect of 
the risk controlling factors and produce recommendations for an inspection and replacement 
plan. 
 
8.2.7.1 Reduce scatter band through material investigation 
The target failure probability was assumed as 10-5 based on the majority of RBI codes and 
standards (eg 3.06x10-5 total general failure frequency in API RP 581 [3] and 10-5 to 10-7 
under severe conditions in BS 7910 [4]). In this analysis, the target probability for inspection 
is estimated as6.12x10-5. 
 
Figure 8.2-3 shows that this PoF target will be exceeded after approximately 43,800 hours, 
which is a conservative estimate because the initial crack was actually detected after 
58,000 hours. However, assuming that the material properties including heat treatment 
information were well understood before the implementation of RBLA, ie, reducing the 
scatter (eg from 20% to 17%), the PoF curve can be shifted as shown in Figure 8.2-4. 
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Figure 8.2-4 PoF curves with original (blue) and reduced (red) scatter bands (time Vs PoF). 
 
In Figure 8.2-4, the red line is the PoF curve with a reduced scatter band (eg 17%) and the 
blue line is the original curve with a 20% scatter band. The influence of changing the scatter 
band is significant and the new curve shows that the target PoF is exceeded after 53,000 
hours, which is very close to the time when cracks were actually first detected. 
 
8.2.7.2 Inspection planning 
As discussed in Section 8.2.10, when the material properties were well understood and the 
target probability for inspection was set for severe conditions, the procedure calculated the 
time to reach the failure target within very close range of the time when initial cracks were 
detected. Therefore, this result can be referred to for planning of inspection when sufficient 
information on the material scatter band is available. 
 
However, it is common that material information is not available or heat treatment has not 
been applied to the welds. In this case the scatter band has to be set as 20%, and a slightly 
more conservative curve such as the one shown in Figure 8.2-3 will be produced. In this 
situation, if the first inspection including material investigation such as hardness testing is 
scheduled based on the RBLA procedure after 26,000 operating hours, it will most probably 
not detect any cracks. This result can then be used for sensitivity analysis with a modified 
failure trigger. When the equipment is proved to be free of cracks (assuming the inspection 
tool is highly confident), the failure trigger can be reduced from 50% to 46%, which means a 
reduction in the life consumption ratio. The curve with reduced failure trigger is demonstrated 
in Figure 8.2-5. 
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Figure 8.2-5 PoF curve with reduced failure trigger (46%). (time Vs PoF). 
 
In Figure 8.2-5, the red line is the refined PoF curve after inspection at 26,000 hours. It 
shows that the next time the target is exceeded is after around 50,000 hours, which is just 
slightly in advance to the actual cracks detected. The following section provides more 
detailed discussion on this subject. 
 
  Discussion 8.2.8
The equipment design life was stated to be 150,000 hours, which is similar to the time to 
rupture estimated by RBLA procedure. However, due to the combined action of temperature, 
stress and material properties, the equipment has failed after less than half its design life. 
 
The RBLA procedure implementation results showed that at the time of extensive cracking 
(ie after 67,000 hours), the probability of failure is 0.00018, which is higher than the target 
failure probability given in most assessment standards [3, 4]. 
 
The sensitivity analysis shows that adequate material property investigation can help to 
reduce the conservative nature of the assessment and avoid the over-estimation of crack 
growth. The predictions for the replacement time and inspection plan are close to the actual 
conditions, but still slightly ahead which in the case of the inspection it is beneficial as it may 
capture an even earlier stage of the damage. 
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It can be concluded that failure could be controlled by various factors, which all contribute to 
reducing the material creep strength to the bottom of the scatter band, causing it to lose its 
serviceability before the time to rupture. Therefore, it is recommended that both rupture life 
and target failure probability be considered in the equipment design and inspection planning. 
 
8.3 Case 2 
 Background 8.3.1
Case 2 is a reported failure which occurred at the West Burton plant. The header steam 
temperature was 565ºC to 590ºC and the pressure was 15.0MPa. The historical record of 
this case can be summarised as [5]: 
 
1. The failure affected a superheater header end cap with another header end cap and 
occurred after 36,526 hours of service with 469 hot starts and 72 cold starts. 
2. The failed weld had been inspected and no evidence of damage was detected 
8,663 hours prior to the failure. 
3. The failure was identified as Type IV cracking through the HAZ of the F91 forged 
endplate. The geometry and cracking location are sketched in Figure 8.3-1. 
 
 Failure investigation 8.3.2
The failure was attributed to the over-tempering of the base material, which was inferred 
from the low hardness of the failed casts. Zone IV of the HAZ in the F91 material was found 
to be approximately 20HV units softer than Zone IV of the Grade 91 (185-197HV for the un-
failed sections and 173-190HV for the failed sections [6]). In addition, hardness testing also 
suggested that the root cause of the low hardness of the parent material also caused the low 
hardness and poor properties of the HAZ in which the crack formed. 
 
The assembly of the end cap includes a 90 degree transition of section near the weld, which 
was also identified as a potential cause of the cracking as the result of stress concentration. 
Stress analysis showed that the stress at the origin of the crack was 212MPa and was as 
high as 110MPa at a depth of 5-10mm into the endplate forging. This is 2-3 times higher 
than the design-allowable stress, which is 96.2MPa according to BS 1113 [7]. 
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Figure 8.3-1 Geometry and cracking of failed superheater header endplate [5]. 
 
 RBLA implementation 8.3.3
The RBLA input parameters for this case are listed in Table 8.3-1. 
 
Table 8.3-1 RBLA input data for Case 2. 
Temperature ∆ࢀ Pressure ∆ࡼ Stress 
565ºC 25ºC 15MPa 0MPa 212MPa 
 
The operating conditions were derived from the published failure report, and a stress of 
212MPa was applied, based on the stress analysis from the failure investigation. 
 
Figure 8.3-2 is the PoF curve plotted from RBLA. The time to rupture is calculated as 
4.18 years (36,616 hours). After 36,526 hours of operation, the PoF was estimated as 0.75. 
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Figure 8.3-2 Probability of failure for Case 2 as predicted by RBLA (time Vs PoF). 
 
 Sensitivity analysis using RBLA 8.3.4
RBLA sensitivity analysis has been carried out to demonstrate the effect of the risk 
controlling factors and to produce the recommendations for an inspection and replacement 
plan. 
 
8.3.4.1 Reduce scatter band through material investigation 
Hardness testing showed that the hardness at the failed location is 170-190HV which is 
within the specifications given in ASME B31.1 [8], which states that the hardness should not 
exceed 250HB/265HV. Therefore, a new PoF curve with a lower scatter band (eg 17%) can 
be plotted for the sensitivity analysis (Figure 8.3-3). 
 
 162  
 
Figure 8.3-3 Refined PoF curve (17% scatter band). (Time Vs PoF). 
 
The red line in Figure 8.3-3 is the refined PoF curve with 17% scatter band. It can be seen 
that the risk level has been reduced, but the effect is not significant. The most dominant 
factor in this case is the level of stress in the way that if the stress concentration can be 
removed, the risk level will be mitigated dramatically. For example, if the stress is the 
maximum design allowable stress of 96.2MPa, the refined PoF is the red line in Figure 8.3-4. 
This figure provides the evidence that stress is the controlling factor in this case. 
 
 
Figure 8.3-4 Effect of stress in Case 2 (Time Vs PoF). 
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8.3.4.2 Inspection planning 
Similarly to Case 1, a PoF target of 6.12 ∙ 10ିହwas selected for inspection planning. From 
Figure 8.3-4, it can be seen that, even with the scatter at 17%, the failure target will be 
exceeded after 26,000 hours. This implies the need for re-analysing the level of stress 
through a design review process. The difference between this case and the previous case 
(Case 1) is that the controlling factor here proved to be the high level of stress as the result 
of stress concentration and the actual failure happened at an early stage of the design life. 
So if the stress analysis has been performed initially and the stress concentration has been 
recognised, two options could have been considered: The plant needs to be inspected at an 
early stage or action taken to re-design the stress concentration location which is the most 
cost effective action to be taken. 
 
8.3.4.3 Prediction of replacement 
In this case, due to the high stress value on the location of the actual failure, the plant has 
failed after only 36,000 hours. A similar result has been also generated from RBLA and the 
controlling factor proved to be the high level of local stress. Therefore, modification to the 
current component is not practically applicable; replacement could have been a 
recommendation with a new design to remove stress concentration location. 
 
 Discussion 8.3.5
In this case, both failure investigation and RBLA implementation have demonstrated that 
stress concentration makes by far the main contribution to the failure.  
 
The time to rupture estimated by RBLA is very close to the reported failure time, and at the 
time of failure, the failure probability is as high as 0.75. At a mere 27,000 hours, ie the time 
of failure found through NDE, the failure probability is 0.3. Therefore, recognising the 
controlling factors through sensitivity analysis is the primary approach to integrity 
management. Gaining a thorough understanding of the plant operating conditions and 
material data as early as possible is also important. 
 
8.4 Case 3 
 Background 8.4.1
Case 3 discusses four similar reported failures which occurred in the West Burton plant. The 
failures occurred on superheater ‘bottle’ type joints after 20,000 hours of service [6]. 
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The failure can be described as cracking through approximately half the circumference of the 
smaller diameter end of the transition piece in the Type IV HAZ. 
 
The header steam temperature was 565ºC to 590ºC and the pressure was 15.0MPa. 
 
The geometry and the cracking location are sketched in Figure 8.4-1. 
 
 
Figure 8.4-1 Geometry and cracking of failed superheater header “bottle”[6]. 
 
 Failure investigation 8.4.2
Based on the failure investigation report [6], there was no evidence of poor welding or 
installation procedure, but there was evidence that there may have been a deficiency in the 
heat treatment of the forged stock material. 
 
Micro-hardness traverse tests were carried out on the first failed transition bottle and on an 
un-failed bottle. The forging of the failed bottle showed a minimum HAZ hardness of 174HV 
and a background parent hardness of 183-189HV, compared to the forging of the un-failed 
bottle where the minimum hardness was 184HV and the background parent hardness was 
204-210HV. 
 
 RBLA implementation 8.4.3
The RBLA input parameters for this case are listed in Table 8.4-1. 
 
Table 8.4-1 RBLA input data for Case 3. 
Temperature ∆ࢀ Pressure ∆ࡼ Stress 
577ºC 12ºC 15MPa 0MPa 29 MPa 
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The operating conditions were derived from the published failure report, and the stress value 
of 28.3MPa was calculated using the general axial stress Equation 8.4-1: 
 
ߪ ൌ ௉஽ସ௧ . (8.4-1) 
 
Figure 8.4-2 shows the PoF curve plotted from RBLA. The time to rupture is calculated as 
2281 years. After 20,000 hours of operation, the PoF was estimated at 10-7. 
 
 
Figure 8.4-2 Probability of failure for Case 3 as predicted by RBLA. 
 
 Sensitivity analysis using RBLA 8.4.4
A similar sensitivity study was performed for this case. However, due to the original PoF 
being far below the target PoF, this kind of analysis makes limited sense for this purpose, as 
well as for the inspection and replacement plan. The red line in Figure 8.4-3 is the PoF curve 
with 17% scatter band. 
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Figure 8.4-3 The PoF curve with 17% scatter.(Time Vs PoF). 
 
 Discussion 8.4.5
The RBLA assessment results do not match the reported failure in this case. This is due to 
the fact that the pre-mature failure relates to the heat treatment of the material. The limit 
state equation used in RBLA assessment is applicable to the standard Grade 91 materials 
and type IV creep failure. The low risk predicted from this analysis, provides a reasonable 
evidence that the method is capable to predict accurate behaviour of the material where no 
significant damage is expected based on the stress and temperature, however once the 
material properties deviate significantly from the basic assumptions used in RBLA, the result 
will not be credible. 
 
8.5 Case 4 
 Background 8.5.1
Case 4 discusses flaws detected in the weld on the main steam piping (MSP) (Weld W006) 
and the weld on the hot reheated piping (W251). The name of the plant is kept confidential 
throughout this report as per the request by the plant operator. This plant has been 
commissioned in September 2005. The PWHT was carried out in accordance with the 
relevant code [8]. The parent material hardness is available and within specification. Some 
information on the parent material properties is available, but not for all of the piping. The 
operating conditions are listed in Table 8.5-1. 
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Table 8.5-1 Design and operating conditions. 
Piping type 
Design 
pressure (MPa)
Design 
temperature 
(ºC) 
Operating 
pressure (MPa) 
Operating 
temperature 
(ºC) 
Main steam piping 25.4 570 23.9 573 
Hot reheat piping 5 568 4.1 566 
 
 Flaw investigation 8.5.2
The operator commented that these flaws cannot be categorized as a “failure” which results 
in an unplanned outage. The details provided in this section: 
8.5.2.1 W006 
During the planning outage in 2012, multiple subsurface crack-like features were identified 
by phased array ultrasonic inspection. Detailed investigations, including destructive analysis, 
stress analysis and further inspection to track the development of the defects, has been 
conducted. It was concluded that the defects were service-induced OD connected cracks.  
 
The crack was concluded to be a Type IV crack. The dimensions of the crack are 450mm 
length and 18mm depth. Chemical analysis shows the lowest N:Al ratio of the W006 boat 
sample is 1.733. Hardness tests indicated that the hardness of the OD is 217HB and that of 
the ID is 207HB, versus the recommended hardness which is 190-250HB. Besides, fracture 
toughness tests in the weld metal provided a Charpy V-notch toughness of 14.91J which is 
lower than the generally required toughness in Europe (27J). The low toughness found in 
this weld increases the risk of rupture before leak under low-temperature conditions. 
 
As a result, 80% of the weld was excavated by machining and all defects were removed, but 
approximately 12mm of wall thickness was left in place (the pipe wall thickness is 81mm). 
This allowed repair without back purging. 
8.5.2.2 W251 
During the 2012 planned outage, a few original construction flaws were detected, including 
original construction defects, slag, and lack of fusion. Fitness for Service assessment has 
been performed on these flaws and the weld was permitted to remain in place for two years 
until the next available opportunity to repair. And finally the weld was removed in 
October 2014. For this reason, no detailed destructive examination has been carried out. 
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 RBLA implementation 8.5.3
8.5.3.1 RBLA implementation of W006 
8.5.3.1.1 Assessment of probability of failure and time to rupture 
Table 8.5-2 lists the input data for W006. The stress value was derived from the stress 
analysis performed by the plant operator. Value of 66.2MPa is the maximum elastic principal 
operating stress for the weldments at the time equal to zero (ie start of the life). This value is 
the sum of the sustained axial stress due to pressure, gravity, external loads and the 
displacement (thermal expansion) stress. 
 
Table 8.5-2 PoF of W006 (Main steam piping). 
Piping Temperature  
Temperature 
variation Pressure 
Pressure 
Variation Stress 
MSP (W006) 573ºC 3ºC 23.9MPa 0.5MPa 66.2MPa 
 
Figure 8.5-1 is the PoF curve plotted from RBLA. The time to rupture is calculated as 23.38 
years. At the year of 2012, the PoF was estimated as	2.3 ∙ 10ିସ which means that it has 
exceeded the inspection target probability (see 8.2.9) and needs to be inspected. 
 
 
Figure 8.5-1 PoF of W006 (Main steam piping). 
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8.5.3.1.2 Risk results 
The assessment of consequence was not reported here due to confidentiality and also may 
not be entirely relevant to the main core of this thesis. In RBLA, the risk is evaluated as the 
combined effect of CoF and PoF, and it is presented as risk curve and risk matrix. 
Figure 8.5-2 is the risk curve and risk matrix (at year 2012) respectively. 
 
 
a) Risk curve 
 
 
 
 
 
 
 
 
 
 
 
 
b) Risk matrix 
Figure 8.5-2 W006 Risk results; a) risk curve, b) risk matrix. 
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8.5.3.1.3 Sensitivity analysis using RBLA 
In the original assessment, the scatter band used was 17% because the hardness was 
tested to be within the specification. The stress at the weld is below the allowable stress of 
86MPa. However, the operating temperature (573ºC) is above the design temperature 
(570ºC). So by reducing the temperature to what was considered at the design stage, the 
risk level can be expected to reduce (Figure 8.5-3). 
 
 
Figure 8.5-3 Mitigated PoF curve of W006 with reducing the temperature to design 
temperature. 
 
Besides, the weld was repaired in 2012, so the PoF curve can be shifted as shown in 
Figure 8.5-4. 
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Figure 8.5-4 PoF curve of the repaired weld W006. 
 
Figure 8.5-4 shows that if the failure target is 6.12 ∙ 10ିହ, the PoF curve exceeds the target in 
2011, which is very close to the time the cracks were detected (ie 2012). Therefore, in this 
case the failure target is reasonable and if it is again applied to the repaired weld, the next 
inspection should be performed no later than 2018. 
 
8.5.3.2 RBLA implementation on W251 
The maximum hoop stress generated from the analysis is employed as RBLA input data. 
 
Figure 8.5-5 is the PoF curves for W251. The PoF value at the time of planned outage 
(year 2012) is 3.57x10-6, and the predicted time to rupture is 42.45 years. 
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Figure 8.5-5 PoF curve of W251. 
 
 Discussion 8.5.4
Weld W006 has been well studied by the operator. The information is sufficient for this case 
to perform the full procedure of RBLA assessment. The implementation of RBLA matches 
the actual case (assume 20% conservatism allowance). The inspection schedule predicted 
by RBLA was reasonable, which also indicates that for this case the selection of failure 
target is important. 
 
Weld W251 contains the defect from the original construction witch is not service related. 
This case is actually out of the interests of RBLA. The plant operator has commented that 
mitigation actions are limited to planning to find more original construction defects. They 
were not service related so no process changes could mitigate. The assessment results 
produced by RBLA can further proof the conclusion of Case 3, ie if the result from RBLA is 
very far from the actual flaws, other damage mechanisms or fault from manufacturing rather 
than purely creep needs to be considered. 
 
Because of the high degree of knowledge on the defect in case 4, it allows the full procedure 
of RBLA assessment to be performed. The conclusions from the above three cases are also 
further proofed by Case 4. 
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8.7 Nomenclature 
 
8.8 Abbreviation 
CoF Consequence of failure 
RBLA Risk-Based Remaining Life 
PoF Probability of failure 
HAZ Heat Affected Zone 
  
  
  
  
  
ܦ௙ሺݐሻ  damage factor 
ܦ  Diameter 
ܨ௠௦  Management Systems Factor 
݂݂݃  General failure frequency 
ܲ  Internal pressure 
ݐ  Thickness  
ߪ   The stress value 
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Chapter 9 Validation of Creep Crack 
Growth Prediction Model for Welded 
Components 
9.1 Introduction 
In this chapter the CCG rate for cases 1 and case 4 from Chapter 8 are analysed. Almost 
sufficient information was provided for these two cases so a comprehensive analysis could 
be carried out. Different creep strain rate data from section 6.2 together with CCG rate 
approaches proposed in section 6.3 are examined on these two cases to find out the most 
appropriate models capable of predicting the final crack length as it has been reported from 
the actual measurement on the component. R5 [1] approach using R-Code software is used 
to calculate C* and predict the growth. 
 
9.2 Case 1 
 Background  9.2.1
As explained in section 8.2, extensive Type IV cracking has been observed in a header 
installed at Aberthaw Power Station in 1992 [2]. The header was constructed from six 
cylindrical barrel sections in accordance with ASTM A335 P91. The design condition of the 
header is: 
 
Design pressure: 17.58MPa; 
Design temperature: 580ºC;  
Design life: 150,000 hours. 
 
In 2004, the header was inspected after 58,000 hours of operation and extensive Type IV 
cracking was found on branch and attachment welds. In 2006, the header was inspected 
after 67,000 hours of operation and further Type IV cracking was observed on stubs. The 
unit header is due to be replaced in 2008. 
 
A failure investigation has been carried out and published. The investigation shows the 
largest surface length of cracking found on a large branch was 185mm and the largest 
through-wall extent was 8mm. The maximum surface length of cracking found on an 
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attachment weld was 310mm. The development rate of all cracks on the barrels is similar. In 
addition, cracking, where present, was predominantly located on the barrel-side weld toes 
orientated parallel to the longitudinal axis of the header. 
 
In this study, the creep crack growth of these sections was assessed using R-code and 
analysed associated with Chapter 8. 
 
 R-code input data 9.2.2
9.2.2.1 Geometry 
According to the general arrangement and reported crack type and dimensions, the 
assessment geometry was decided as shown in Figure 9.2-1, an external surface crack on 
the hollow cylinder oriented axial. 
 
 
Figure 9.2-1 Flaw geometry and orientation for assessment. 
 
9.2.2.2 Loading 
It was concluded that the dominating stress was hoop stress from internal pressure. 
Therefore, the hoop stress of 80MPa was applied as primary stress and residual stress of 20% 
yield strength was applied as secondary stress in this assessment. Due to lack of detailed 
stress analysis, the conservative assumption that there is only membrane stress was 
adopted in this assessment. 
 
9.2.2.3 Material properties 
The key material properties to be used in this assessment are creep tensile strength and 
fracture toughness. The assessment temperature is the design temperature of 570°C, and 
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the material creep tensile property at 570OC is based on the NIMS data [3, 4]. Fracture 
toughness of 27J is taken based on the minimum industrial requirement. 
 
 Lower band proof stress: 321MPa; 
 Mean proof stress: 330MPa; 
 Ultimate strength: 389MPa. 
 
 Creep models 9.2.3
9.2.3.1 Time to rupture 
Time to rupture was calculated by RBLA and reported in Chapter 8 as 150,321 hours. 
 
9.2.3.2  Minimum strain rate 
The minimum strain rate was generated through the experimental work from this research 
project and NIMS creep data sheet [3, 4]. This value is obtained through the following steps: 
 
 Assume the ratio between average and minimum creep rate is the same for parent 
material and HAZ. 
 Plot the data on the stress-creep rate graph for NIMS and Keith Bell data [5] respectively, 
including the minimum creep rate and average creep rate of parent material from NIMS 
and average creep rate of HAZ from Keith Bell data. 
 Plot the trend line of the above graph, assuming is log-related. These equations are: 
 
Crୌ୅୞ି୫୧୬ ൌ େ୰ౄఽౖష౗౬౗େ୰ా౉ష౗౬౗ ൈ Cr୔୑ି୫୧୬ (9.2-1) 
 
Where, 
 
Crୌ୅୞ି୫୧୬ : The trend line formula plotted for HAZ minimum creep rate 
Crୌ୅୞ିୟ୴ୟ    The trend line formula plotted for HAZ average creep rate 
Cr୔୑ି୫୧୬     The trend line formula plotted for parent material minimum creep rate 
Cr୔୑ିୟ୴ୟ      The trend line formula plotted for parent material average creep rate 
σ: The stress value 
The minimum creep strain rate at 550°C of 7.965E-13 provides slightly slower CCG rate 
while the CCG rate using the minimum creep strain rate at 600°C of 2.9E-7 proves to be too 
fast as illustrated in Figure 9.2-2, which in-turn proved the initial assumption is reasonable. 
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Figure 9.2-2 R-code plot based on different creep rate using CCG model from 
Equation 9.2-5. 
 
The experimental data at 570°C is not available; therefore, the minimum creep strain rate 
generated from above equations is from log-linear interpolation between 550 and 600°C 
(taking average creep rate of parent metal). Figure 9.2-3 is the plot for long and short-term 
average creep rates of parent metal at 550°C, 600°C, and 650°C. The transit point between 
long and short-term data is log-linear related. Therefore the transit point at 570°C can be 
plotted as (0.43, 6.75E-4). The creep exponent for long-term data was estimated to be 5 and 
same slope is applied to all temperatures. As a result, the average creep rate at 570°C can 
be plotted as Equation 9.2-2. The mean proof tensile strength at 570oC is taken from NIMS 
[3, 4] data sheet as 330MPa. The stress at the location of the crack was determined as 
80MPa as described in Chapter 8. Using this stress value in Equation 9.2-2, the parent metal 
average creep rate at 570°C hence calculated as 4E-5 (1/hr). 
 
Applying the above procedure to parent metal minimum creep rate and HAZ average creep 
rate data provides all values required in Equation 9.2-1 and calculate the minimum creep 
rate for HAZ at 570oC as 1.14E-7 (1/hour). In addition, parent metal minimum creep rate at 
570oC was calculated as 1.6E-8 (1/hour) while In NIMS creep data sheet, the minimum 
creep rate for parent metal at 570OC and 80 MPa is 9.4E-9 (1/hr), which is in-line with the 
proposed computing procedure. 
 
Cr୔୑ିୟ୴ୟିହ଻଴ ൌ 0.045 ∙ ሺߪ/ߪ଴.ଶሻହ (9.2-2) 
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Figure 9.2-3 Long-term and short-term average creep rate transit point for parent metal. 
9.2.3.3 CCG rate models 
The predictive CCG model is another important required input data to R-code, based on the 
different operating conditions, below formulae are applied as sensitivity analysis. For NSW 
plane stress condition, assume creep ductility is the failure strain at the tensile, the CCG 
model can be plotted from section 6.3 with the following equation: 
 
ሶܽ ൌ 11 ൈ ܥ∗଴.ଽ (9.2-3) 
 
For NSW plane strain condition, the creep ductility was predicted to be the lower value, as 
assumed to be the lower bound ductility limit: 
 
ሶܽ ൌ 21 ൈ ܥ∗଴.ଽ (9.2-4) 
 
In order to provide a conservative prediction of the upper band, the creep ductility is obtained 
from the MGD approach explained in section 6.2, and the CCG model becomes as 
Equation 9.2-5: 
 
ሶܽ ൌ 480 ൈ ܥ∗଴.ଽ (9.2-5) 
 
To illustrate the most extreme case for the long-term operation, using the lower band MMG 
creep failure ductility in the NSW model provides the following relationship: 
 
ሶܽ ൌ 1900 ൈ ܥ∗଴.ଽ (9.2-6) 
(0.48, 6E-4) 
(0.39, 7.6)
ߪ/ߪ଴.ଶ 
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 Results and sensitivity analysis based on different CCG models 9.2.4
Figure 9.2-4 is the plot of crack depth versus time using the CCG model from Equation 9.2-5 
and Figure 9.2-5 is using Equation 9.2-6. These two equations provided results closer to the 
actual crack size compared to Equations 9.2-3 and 9.2-4. The assessment results are 
summarised in Table 9.2-1. The value of the crack size in figures below includes the 
0.025mm assumed initial crack depth. 
 
Figure 9.2-4 R-code plot using Equation 9.2-5. 
 
Figure 9.2-5 R-code plot using Equation 9.2-6. 
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Table 9.2-1 some of the R-code assessment results 
 Inspection results 
CCG model using 
Equation 9.2-5 
CCG model using 
Equation 9.2-6 
Duration and 
crack size 
8mm, 7 years after 
commissioning 
7 years after crack 
initiation to reach  
8mm 
1.8 years after crack 
initiation to reach  
8mm 
 
 Discussion 9.2.5
Figure 9.2-4 shows that by using Equation 9.2-5, the crack size is estimated to grow within 
seven years from the commissioning to 8mm. Clearly the CCG rate cannot be slower than 
what Equation 9.2-5 proposes as it means that the cracking process was started before the 
commissioning. On the other hand, Figure 9.2-5 shows that using Equation 9.2-6 provides a 
crack length of 8mm in such a way that it should have initiated almost two years before it 
was detected which is in line with what RBLA also predicted in the previous chapter. The 
actual initiation time is most probably sometimes between the start of the service to what 
Equation 9.2-6 predicts. This means that the actual CCG rate falls within the scatter band 
between Equation 9.2-5 and 9.2-6. 
9.3 Case 4 
 Background 9.3.1
As explained in section 8.5, flaws were detected on the weld in the main steam piping (MSP) 
(Weld W006) and the weld in the hot reheated piping (W251) of a power plant. This plant 
has been commissioned from September 2005. The PWHT was carried out in accordance 
with the relevant codes [6]. The parent material hardness is available and within specification. 
Some information on the parent material properties is available, but not for all of the piping. 
The operating conditions are listed in Table 9.3-1. 
 
Table 9.3-1 Design and operating data. 
Piping type 
Design 
pressure  
(MPa) 
Design 
temperature, 
ºC 
Operating 
pressure, MPa 
Operating 
temperature, 
ºC 
Main steam 
piping 
25.4 570 23.9 573 
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The operator commented that these flaws cannot be categorised as a ‘failure’ which resulted 
in an unplanned outage. The flaw details and mitigation history can be explained. 
 
The weld under assessment, W006, is a girth weld adjacent (upstream) to large forged 
lateral. During the planning outage in 2012, multiple sub-surface crack-like features were 
identified by phased array ultrasonic inspection. Detailed investigations, including destructive 
analysis, stress analysis and further inspection to track the development of the defects, has 
been conducted. It was concluded that the defects were service-induced OD connected 
cracks. 
 
The crack was concluded to be a Type IV crack. The dimensions of the crack are 1.67mm 
depth. Chemical analysis shows the lowest N:Al ratio of the W006 boat sample is 1.733. 
Hardness tests indicated that the hardness of the OD is 217HB and that of the ID is 207HB, 
while the recommended hardness is 190-250HB. Besides, fracture toughness tests in the 
weld metal provided a Charpy V-notch toughness of 14.91J which is lower than the generally 
required toughness in Europe (27J). The low toughness found in this weld increases the risk 
of rupture before leak under low-temperature conditions. 
 
As a result, 80% of the weld was excavated by machining and all defects were removed, but 
approximately 12mm of wall thickness was left in place (the pipe wall thickness is 81mm). 
This allowed repair without back purging. 
 
 R-code input data 9.3.2
9.3.2.1 Geometry 
According to the general arrangement and reported crack type and dimensions, the 
assessment geometry was decided as shown in Figure 9.3-1, an external surface crack on 
the hollow cylinder oriented axial. The pipe outside diameter is 558mm and its nominal 
thickness is 81mm. 
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Figure 9.3-1 Flaw geometry and orientation for assessment. 
 
9.3.2.2 Loading 
The stress value was derived from the stress analysis done by the plant operator. The value 
of 66.2MPa is the elastic maximum principal operating stress for the weldments at the time 
equal to zero. This value is the sum of the sustained axial stress due to pressure, gravity, 
external loads and the displacement (thermal expansion) stress. 
 
9.3.2.3 Material properties 
The key material properties to be used in this assessment are creep tensile strength and 
fracture toughness. The assessment temperature is the design temperature of 570°C and 
the material creep tensile property at 570°C is based on the NIMS database. Fracture 
toughness of 14.91J is taken based on its fracture toughness tests. 
 
 Lower band proof stress: 321MPa; 
 Mean proof stress: 330MPa; 
 Ultimate strength: 389MPa. 
 
 Creep models 9.3.3
9.3.3.1 Time to rupture 
Time to rupture was calculated by RBLA and reported in Chapter 8 as 203,319 hours. 
 
9.3.3.2  Minimum strain rate 
The minimum strain rate was generated through the same approach as explained in 9.2.3.2. 
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The minimum creep strain rate at 550°C of 7.965E-13 provides slightly slower CCG rate 
while the CCG rate using the minimum creep strain rate at 600°C of 2.9E-7 proves to be too 
fast as illustrated in Figure 9.3-2, which in turn proved the initial assumption is reasonable. 
 
 
Figure 9.3-2 R-code plot based on different MCR using CCG model from Equation 9.2-5. 
 
9.3.3.3 CCG rate models 
The same approach as 9.2.3.3 was adopted and the same Equations (9.2-3 to 9.2-6) were 
used throughout the analysis. 
 
 Results and sensitivity analysis 9.3.4
9.3.4.1 Sensitivity analysis based on different CCG models 
Figures 9.3-3 to 9.3-6 are the R-code plots based on the above CCG models using 
Equations 9.2-3 to 9.2-6 respectively. The assessment results for the latest two equations 
are summarised in Table 9.3-2 as they provide more accurate crack length compare to the 
first two equations. The value of crack size in figures below includes the 0.5mm assumed 
initial crack depth. 
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Figure 9.3-3 R-code plot based on CCG model using Equation 9.2-3.
 
Figure 9.3-4 R-code plot based on CCG model using Equation 9.2-4. 
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Figure 9.3-5 R-code plot based on CCG model using Equation 9.3-5. 
 
 
Figure 9.3-6 R-code plot based on CCG model using Equation 9.2-6. 
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Table 9.3-2 R-code assessment results. 
 Inspection results 
CCG model using 
Equation 9.2-5 
CCG model using 
Equation 9.2-6 
Duration and 
crack size 
1.67mm, 7 years 
after 
commissioning 
12 years after crack 
initiation to reach 
1.67mm 
3 years after crack 
initiation to reach 
1.67mm 
 
 Discussion 9.3.5
The crack was detected by a routine inspection seven years after commissioning; the crack 
depth was measured as 1.67mm from the removed weld. Figure 9.3-6 (using Equation 9.2-6) 
shows the crack depth is 1.67mm after around three years’ service time. As illustrated in 
Figures 9.3-3 and 9.3-4, the CCG rate predicts much smaller crack length compared to the 
actual situation. However Equation 9.2-5 predicts crack length which although is closer to 
the actual case but still slightly behind the real situation. 
 
As shown in Figure 9.3-6, the crack depth (excluding assumed initial 0.5mm depth) is 
approximately 1.7mm after three years, which is in line with the actual case. In addition, 
RBLA in section 8.5 has predicted the inspection time a year before the scheduled 
inspection. At this time the crack depth is 1.2mm which is also detectable through NDT. 
 
In addition, the assumption that crack initiation time is since the start of commissioning could 
be questionable. The assessment based on Equation 9.2-6 predicts that the crack initiated 
after four years in service which is in line with the prediction from RBLA. Therefore, similar to 
case 1, the CCG model using Equation 9.2-5 and Equation 9.2-5 in a scatter band provides 
the closest value to the real crack length. 
 
9.4 Prediction of long-term CCG rate scatter band of Grade 
91 
The above validation cases provide evidence that long-term CCG could follow the same 
pattern as predicted by NSW model using the long-term creep uniaxial deformation 
properties discussed in Chapter 6. To examine the predictive model discussed in section 
6.3.3, the actual CCG rate measured in failure cases 1 and 4 are plotted on same graph as 
shown in Figure 6.3-6. Figure 9.4-1 provides the scatter band that components from failure 
case 1 and 4 are believed to have been following when the creep cracks have been 
propagating. This scatter band is in very low C* values as seen in Figure 9.4-1 (10-9 < C* 
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MPam/h < 10-6) which represents the long-term CCG process. This is in-line with proposed 
NSW model when using Monkman Grant failure strain to predict the long-term CCG rate 
which was discussed in section 6.3.3. From Figure 9.4-1 a clear shift is observed when 
moving from low C* values (ie long-term) to high C* values (ie short-term). 
 
 
Figure 9.4-1 Short-term vs long-term Grade 91 CCG rate scatter band at 580-625°C. 
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9.6 Nomenclature 
 
ܥݎு஺௓ି௠௜௡   HAZ minimum creep rate 
ܥݎு஺௓ିܽݒܽ   HAZ average creep rate 
ܥݎ஻ெି݉݅݊   Parent material minimum creep rate 
ܥݎ஻ெିܽݒܽ   Parent material average creep rate 
Cr୆୑ିୟ୴ୟିହ଻଴  Parent material average creep rate at 570oC 
C* steady state creep correlating parameter (MJ/m2.h) 
ߪ   Stress value 
ߪ଴.ଶ   0.2% proof stress 
ߝሶ  ?? 
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9.7 Abbreviation 
MSP main steam piping 
PWHT Postweld heat treatment 
OD Outside diameter 
ID Inside diameter 
MCR Minimum creep rate 
CCG Creep crack growth 
NDT Non-destructive test  
RBLA Risk-Based Remaining Life 
MMG Monkman-Grant failure strain 
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Chapter 10 Conclusion and Future 
Work 
This chapter provides a conclusive discussion on the experimental work and analysis 
presented in this research work. This will be followed by a proposed way forward to 
determine the gaps and plan for future work. 
 
10.1 Conclusion 
Experimental and analytical work has been carried out to investigate the parameters which 
affect the short and the long-term creep deformation and creep crack propagation behaviour 
of Grade 91 steel parent material and weldment. A large amount of short-term and long-term 
Grade 91 creep data (deformation and crack growth) was collected and compiled from 
different reliable sources. Deterministic and probabilistic analyses were performed on these 
data sets to identify the trends. The experimental work focused on service exposed and 
as-received material (including parent material and weldment) to examine the effect of 
exposure to high temperature service exposure to the creep properties of Grade 91 material. 
A set of uniaxial specimens were machined out of both service exposed and as–received 
material blocks and creep deformation experiments were carried out at 600oC at different 
stress ranges. This included specimen from parent material, specimen from the weld metal 
and cross-section specimen with HAZ in the middle of their gauge length. To investigate the 
creep crack propagation properties, series of C(T) specimens were made of the same 
material as uniaxial ones including parent material, weldment and HAZ along the crack path. 
 
Using the compiled uniaxial data and experimental results, a Risk Based Life Assessment 
model has been developed to address the uncertainties in creep behaviour of Grade 91 
material and also to take into consideration the uncertainties raised from operations. This 
model included an assessment of probability of failure based on the creep data and 
operational information combined with the consequence of failure. The model was validated 
against four reported failure cases where data and information were provided publically (it 
should be noted that in case 4 a plant operator provided extra data and information as per 
the request of the author). Two cases in which sufficient information was provided regarding 
the crack propagation were also taken into the CCG analyses using the long-term predictive 
model developed in this work. 
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Based on all the above experimental and analytical works, the main conclusions drawn from 
this work are summarized below in accordance with different chapter of this thesis: 
 
 Creep uniaxial deformation behaviour of Grade 91 weldment 10.1.1
From both uniaxial creep experiments carried out in this work and data collected during the 
literature survey, a clear trend demonstrates that creep life if shorter for the weldment of 
Grade 91 material. However this was observed to be more significant on the data generated 
in the experimental work of this research project from service exposed material compared to 
those which were collected from the literature survey. This could be due to the fact that 
majority of data from the survey belongs to tests on as-received material. A clear transition in 
the creep uniaxial properties was observed in the case of the creep minimum strain rate vs 
stress where the transition was apparent toward a lower value of creep exponent, n, when 
moving toward longer-term experiments. This transition for Grade 91 parent Mmaterial was 
around an applied stress equal to 0.5 of yield stress (approximately 100MPa) at 600oC. 
 
This transition was not clearly observed in the case of failure strain vs applied stress when 
the normal measured elongation from the test was used to plot the graph. This meant there 
is no dependency of failure strain to the level of applied stress (which in turn corresponds to 
the test duration. However, when this elongation was replaced by calculated 
Monkman-Grant failure strain from the creep curves, a more visible trend could be seen. A 
clear dependency of the failure strain to the level of applied stress was observed in the way 
that lower failure strain was achieved at lower level of applied stress (ie longer-term test). 
The value of failure strain approached 1% or less when the ratio of applied stress to the yield 
stress reached 0.5 or below. Similar trends were also observed at 550°C and 650°C. The 
failure strain obtained from this process forms the fundamental of the approach which was 
adopted in this research work when analysing long-term creep crack propagation rate of 
Grade 91 using creep ductility exhaustion method. 
 
 Creep Crack Growth Behaviour of Grade 91 Weldment 10.1.2
Grade 91 parent material and weldment CCG scatter band was developed during this 
research work by collecting all the available test results from literature. A series of CCG 
experiments were also carried out during the course of this work and the results were found 
to be within the original scatter band. The results obtained from those tests where the crack 
path was designed to be on the HAZ demonstrated a higher level of CCG in comparison with 
parent material at the same value of C*. CCG data from HAZ were on the upper band of the 
scatter band where parent material data were closer to the mean value. The creep ductility 
 192  
exhaustion method was also used to predict the CCG rate using the uniaxial test results from 
this work which proved to be capable of providing a conservative estimation in comparison 
with actual crack growth results. 
 
The main property of the scatter band which was developed in this research work is the 
limitation on the C* to 10-6 MJ/m2hour. As explained in details in Chapter 6, this in turn 
corresponds to short-term laboratory experiments or the situations where the C*>10-6 
MJ/m2h during service operation (eg end of life) and therefore it is not representative of the 
long-term service exposure. According to the scatter band, the following equations were 
developed to be used for Grade 91 steel materials operated in a range of temperature 
(ie 580-625oC): 
 
ሶܽ ௨௣௣௘௥	௕௔௡ௗ ൌ 17 ൈ ܥ∗଴.଻ (10.1-1) 
 
ሶܽ௠௘௔௡ ൌ 6.5 ൈ ܥ∗଴.଻ (10.1-2) 
 
ሶܽ ௟௢௪௘௥	௕௔௡ௗ ൌ 2.3 ൈ ܥ∗଴.଼ (10.1-3) 
 
 Effect of service exposure to creep uniaxial deformation and ccg 10.1.3
of p91 steel 
In the case of uniaxial experiments, a very clear trend provides  evidence that the exposure 
to the service condition (ie high temperature and pressure) for a rescannable fraction of the 
service period (eg greater than 10%) will have strong effect on the deformation and rupture 
behaviour of the material as well as the failure location. The uniaxial specimens from service 
exposed material demonstrated a shorter life and higher deformation rate compared to those 
from as-received material when all test parameters are the same. This was observed to be 
more significant in case of cross weld specimens. Post-test metallography of the cross-weld 
specimens proved that the service exposed weldment has shown more tendency to weld 
metal failure weld whereas the as-received material failure has taken place in the Type IV 
region. 
 
In regards to the CCG experiments, when the same level of loading was applied to 
specimens extracted from the service exposed parent material and those from the as-
received one, they almost demonstrated the same trend of CCG and one equation could 
potentially represent both materials. However, the service exposed material gives a higher 
C* value compared to the as-received one. As discussed in Chapter 6, the difference in the 
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strain rates causes the difference in C* when the loading and geometry of two samples are 
identical. 
 
Using the above discussion, it could be concluded that similar to the uniaxial experiments, 
the reason specimens from service exposed material illustrates a higher C* at the same level 
of loading as as-received ones is related to the fact that creep damage has already 
accumulated in this material as a result of being exposed to high temperature and high 
pressure. This is represented in the CCG experiment as higher strain rate and consequently 
higher level of C* when the loading is the same as undamaged material. This corresponds to 
a faster CCG rate for the service exposed material compared to the as-received one. 
 
In other cases, when a lower level of loading was applied to service exposed material, the 
CCG rate result was very close to as-received specimens with a higher test load (given 
geometry and temperature are the same). This also validates the above discussion that due 
to the fact that some degree of damage has already been accumulated in the service 
exposed material, a higher CCG rate is expected. 
 
This is more obvious when looking into the specimens which include weldment. Similar to 
the discussion of the uniaxial cross-weld specimens, the crack path in CT specimens from 
the service exposed material followed the fusion line with the tendency to develop more 
cavities in the weld metal whereas those from as-received material followed the Type IV 
region when crack propagated. 
 
 Risk Based Life Assessment 10.1.4
Considering all the uncertainties in parameters which contribute to Grade 91 weldment 
failure due to creep, it was concluded that the best approach to evaluate the life of welded 
components made of Grade 91 is a probabilistic approach using statistical methods to model 
the material data. Statistical analysis was carried out on the data collected in the literature 
survey and the result was applied to Equation 2.2-1 as the limit state equation. The 
probability of failure was estimated using the Monte Carlo method. To evaluate the risk, 
consequence of failure was also the estimated as the area which is affected by the failure of 
the Grade 91 piping. An algorithm was developed to enable the user to perform a stepwise 
procedure to apply this methodology to actual components. 
 
To validate the methodology, this algorithm was implemented on four actual failure cases 
where sufficient data and information were available in the public domain (it should be noted 
that in case 4, the plant operator provided extra data and information as per the request of 
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the author) to complete the assessment. In three cases, the methodology proved to be 
capable of providing a good plan for inspection and mitigation prior to the failure. However in 
one case (Case 3) where the original material of construction did not have the right heat 
treatment, the result from the analyses was not representative of the actual scenario. What 
predicted as the time to rupture from the RBLA method was in good agreement with Case 1 
and 2 where the extent of damage required an unplanned shutdown. In these two cases the 
risk analysis also predicted a very high value of risk at the time of failure. However, in 
Case 4, the time to failure was similar to the design life of the plan but when looking into the 
result from probabilistic assessment, it shows that the target probability has been exceeded 
and therefore inspection is required. In this case, inspection revealed a very small crack 
initiation which indicates an early stage of damage. 
 
The important outcome of this validation work is that when there is a great amount of 
uncertainties in contributing factors (such as material properties, operating parameters, etc) 
to the accumulation of the damage, a probabilistic assessment can reveal an early indication 
of the problem in an appropriate manner. Therefore, in these cases action related to the 
failure probability should be taken to mitigate the risk of failure. 
 
 Prediction of long-term creep uniaxial deformation and ccg of 10.1.5
p91 steel 
One important observation from the Grade 91 CCG scatter band is that the majority of the 
data used to develop this scatter band were collated from the range of 10-6 <C* (MJ/m2h) < 
10-1. As explained in Chapter 6, this corresponds to the minimum creep strain rate of 5.6 x 
10-5h-1 for plane stress condition and 7.6 x 10-5h-1 in plane strain condition which in turn 
corresponds to the usual laboratory test duration limited to maximum of a few thousands 
hours. 
 
A predictive model was developed by using Monkman-Grant failure strain in NSW model 
when dealing with long-term creep exposure instead of the measured elongation. CCG 
validation cases from Chapter 9 provide evidence that the long-term CCG could follow the 
same pattern as predicted by NSW model using the long-term creep uniaxial deformation 
properties (ie Monkman-Grant failure strain). To examine this predictive model, the actual 
CCG rate measured in the components and their corresponding C* values 
(10-9 < C* MPam/h < 10-6) are compared to the predicted results when using the long-term 
creep failure strain within the same range of C*. 
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A clear shift is observed when moving from low C* values (ie long-term) to high C* values 
(ie short-term). The following equations are validated against the CCG in actual components 
operating in a long-term service: 
 
ሶܽ ௟௢௪௘௥	௕௔௡ௗ ൌ 480 ൈ ܥ∗଴.ଽ (10.1-4) 
ሶܽ ௨௣௣௘௥	௕௔௡ௗ ൌ 1900 ൈ ܥ∗଴.ଽ (10.1-5) 
 
10.2 Proposed Future Work 
A programme of further work is suggested covering the following areas: 
 
 Type IV damage development 10.2.1
There is a requirement to quantify the development of creep damage with consumed life 
fraction in the Type IV region of Grade 91 weld heat affected zones. 
 
Notwithstanding the fact that it is a surface or near-surface technique, metallographic 
replication is still the only proven technique for identifying pre-crack creep voids in 
component base material and weld regions. Quantitative methods based on cavity density or 
semi-quantitative methods classifying stages of void development on replicas in terms of life 
fraction are needed for Grade 91. 
 
An intensive series of interrupted cross-weld multi-heat plain and notch creep tests is 
envisaged. The work would also allow investigation of other postulated pre-crack damage 
assessment methods based on hardness ratios, potential drop, etc. 
 
The need for this work is emphasised by the powerful refinement to the failure probability 
that such damage detection and quantification can provide. 
 
Methods developed for CrMoV, P22 and P11 steels should be used as a starting point. 
 
 Producing long-term CCG test data 10.2.2
As discussed throughout this work, one of the major parameters which contribute to the 
fitness for service or life assessment of a component is material properties. This was 
illustrated to be very crucial when dealing with life assessment of a component in longer-
term in comparison with short-term. As provided in this work, long-term uniaxial creep data 
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for Grade 91 parent material is widely available now. However, this is not the case for 
weldment and for CCG specimen. It seems to be crucial to produce these data to assure a 
conservative prediction is made and at the same time the scatter band is reduced so the 
results are not pessimistic. 
 
 Multi-axial stress rupture criterion 10.2.3
To accurately utilise the results of the stress analysis it is imperative that the multi-axial 
components of the stress state which drive the Type IV failure process in Grade 91 are 
known. Maximum principal stress and equivalent stress criteria or a combination of both 
have been proposed on low alloy ferritic steels. The multi-axial stress rupture criterion may 
also be dependent on stress state itself. 
 
A series of multi-axial tests, eg bi-axial (shear), tri-axial (Bridgeman notch) and uniaxial 
creep rupture tests are envisaged. 
 
The work should build upon previous multi-axial work on low alloy ferritic steels. 
 
 Effective stress on Grade 91 and Grade 91 welds Type IV crack 10.2.4
This research work aims at understanding the driven forces of crack growth, damage 
mechanism and failure modes of Grade 91 weldments under high temperature and constant 
load. This is the key input to predict the component remaining life and estimate its risk, 
hence proposing the effective mitigation plan and lifetime management scheme. 
 
In this procedure, a K factor (Section 7.4.5) has been created to differentiate between crack 
initiation in those situations in which the Von Mises stress is dominant and those in which the 
maximum principal stresses are dominant. In the procedure, this determines whether failure 
occurs by leakage or ruptures which is important because leakage for rupture is a safer 
failure mechanism. However, currently there is no widely agreed K value or function which 
can be applied to confirm the value of K, therefore, one objective of this research work is 
expected to establish the K value or a function which can be applied to define the value of K 
at different conditions. The benefit from this research work is expected to improve the 
capability and reliability of the algorithm, and develop a method of creep life assessment 
applicable to any future projects related. 
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The proposed methodology can be described:  
 Finite Element Analyses (FEA) will be conducted to determine the effect of the creep law 
on the stress distributions in a range of notched tensile specimens. 
 
Notched tensile specimens with different geometry will be machined from welded plates and 
tested to failure. Creep straining will be measured and compared with the FEA results. 
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Old grades of creep resistant materials such as P11 and P22 have been studied in depth and
data and prediction models are available for design and ﬁtness for service assessment of
creep rupture, creep crack growth, thermo-mechanical fatigue, etc. However, as the 9%Cr
material is relatively new, there is relatively limited data available and understanding with
respect to quantifying the effect of variables on life prediction of components fabricated
from P91 is more difﬁcult. Since grade P91 steel was introduced in the 1980s as enhanced
ferritic steel, it has been used extensively in high temperature headers and steam piping
systems in power generating plant. However, evidence from pre-mature weld failures in
P91 steel suggests that design standards and guidelines may be non-conservative for P91
welded pressure vessels and piping. Incidences of cracking in P91 welds have been
reported in times signiﬁcantly less than 100,000 h leading to safety and reliability concerns
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properties quoted in codes of practice and from recent research data regarding the creep
crack growth of P91 steel, and uses existing models to predict its behaviour. Particular
areas where existing data are limited in the literature are highlighted. Creep crack growth
life is predicted based on short-term uniaxial creep crack growth (CCG) data. Design and
assessment challenges that remain in treating P91 weld failures are then addressed in light
of the analysis.
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1. Introduction
Modiﬁed 9Cr–1Mo alloy, known as grade P91 steel, has been extensively used for high pressure and high temperature
piping and headers in conventional power plants mainly in the outlet section of the boiler such as ﬁnal superheater and also
main steam piping which are subject to the creep damage [1]. The weld P91 material, which is also subject to damage could
be the weakest link in the structure and would need to have validated laboratory data available in order to make meaningful
life assessment predictions.
Although creep life of most components is characterised by a continuum damage mechanism CDM where failure is con-
trolled by either creep rupture or creep strain failure mode, creep crack initiation (CCI) and growth (CCG) in some cases tend
to dominate the total life of the component [2]. Examples of this situation include components containing fabricating ﬂaws
or thick components such as headers, high pressure/temperature piping and body of the high temperature hydroprocessing
reactors.
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In this paper, the current standard method and other commonly used engineering practices
for linear or linearized engineering failure data analysis are critically reviewed ﬁrst, and the
existing issues are also indicated. To overcome these issues, a linear data analysis method
based on a new equilibrium mechanism is subsequently presented. Based on the equilib-
rium mechanism, three possible ideal data patterns are identiﬁed and the corresponding
best curve ﬁtting approaches are proposed. Compared to the existing methods, the equilib-
rium method not only provides quantitative solutions of ﬁt parameters, but also gives an
obvious physical meaning and, therefore, is more intuitive in quickly and correctly identi-
fying data patterns, subsequent data preprocessing, and evaluating goodness-of-ﬁt. The
equilibrium method is further applied to fatigue and creep data analyses to demonstrate
its applicability.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Curve and surface ﬁtting is one of the most important data processing procedures in engineering failure analysis. Linear
curve/surface ﬁtting is widely applied in many engineering ﬁelds due to its simplicity and practical feasibility [1,2] as com-
pared to other nonlinear data analysis methods [3–5]. In fact, many engineering data analysis problems can be simpliﬁed to a
linear problem. For example, stage-II fatigue crack growth data as described by the Paris law can be reasonably approxi-
mated by a straight line in log–log plot. Though the typical fatigue crack growth rate curve may exhibit a more complex
shape than a straight line, nevertheless, it can be approximated in piecewise fashion with power-law segments. For each seg-
ment, the linear data analysis can be utilized. Least squares method (LS) and maximum likelihood estimation (MLE) are two
of the most widely used methods for curve/surface ﬁt and both of these methods lead to identical closed-form analytical
solutions for normally distributed data [6,7]. However, improper use of these methods leads to wrong and misleading con-
clusions. To avoid these issues, many engineering standards, such as the American Society for Testing and Materials [8] and
the Det Norske Veritas [9] standards, have been published, for the analysis of fatigue S–N data. For example, in the ASTM
standard for metallic fatigue [8], the stress range is deﬁned as the independent variable because stress range is the ‘‘con-
trolled’’ variable in experiments, and the cycle to failure N is considered as the dependent variable. It is also recommended
in the ASTM standard that the cycles to failure N be plotted on abscissa while the stress range S is plotted on ordinate [8].
Therefore, the horizontal offset method is used to evaluate the variation of cycles to failure N. For materials used speciﬁcally
for wind turbine design, the DNV standard of fatigue design gives a similar recommendation [9].
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ABSTRACT 
Practical time frames in newly developed steels, and 
technical and financial restrictions in test durations means that 
extrapolation of short-term laboratory test results to predict 
long-term high temperature service component failure is  an 
area of concern when conducting a fitness for service or 
remaining life assessment. Recent literature presenting uniaxial 
creep and crack growth tests indicate that some materials show 
lower failure strains during longer term laboratory tests. The 
constraint based remaining failure ductility based  NSW model 
crack prediction model has been shown to be capable of 
predicting upper/lower bounds of creep crack growth in a range 
of steels when data are obtained from relatively short to 
medium-term laboratory experiments (< 10,000 hours). This 
paper compares and analyses the response of the NSW model to 
predict long term creep crack propagation rates using a wide 
database of modified 9Cr material over s range of temperatures. 
The paper employs extrapolation methods of available uniaxial 
data to make viable conservative predictions of crack growth at 
high temperatures where at present no data is available. 
NOMENCLATURE 
θ The crack tip angle  
NSWa  NSW creep crack growth rate 
  Steady state creep strain rate 
A  Average creep strain rate 
f  
Uniaxial creep failure strain (creep 
ductility) 
*
f  Multiaxial creep ductility 
A Power law coefficient in steady state 
creep strain rate law 
AA Power law coefficient in average creep 
strain rate law 
n Power law exponent in steady state 
creep strain rate law 
nA Power law exponent in average creep 
strain rate law 
C* Steady state creep fracture mechanics 
parameter 
da/dt, a  Creep crack growth rate  
In  
The non-dimensional function of n in 
NSW model 
rc Creep process zone  
σ 
 
Applied stress  
Br Power law coefficient in rupture time 
creep law 
 tr Rupture time 
vr Power law exponent in rupture time 
creep law 
D Power law coefficient in empirical 
creep crack growth law 
  Power law exponent in empirical creep 
crack growth law 
r radial distance ahead of the crack tip 
INTRODUCTION 
The nominal design life for power plants is generally 
100,000 hours. However, in most cases the actual service life of 
pressure components is considerably more than this limit. Also 
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ABSTRACT 
The influence of specimen size and geometry on the creep 
crack growth (CCG) behaviour of P91 parent and weld 
materials at 600-625 °C has been examined. CCG tests have 
been performed on compact tension, C(T), specimens with an 
initial crack located in the heat afected zone (HAZ). Further 
tests have also been performed on specimens made of as-
received parent material (PM). Higher creep crack growth rates 
have been found in the HAZ material compared to the PM 
when the CCG rate is characterized using C* fracture 
mechanics parameter. The experimental data from these tests 
are compared to those of available from specimens with 
diferent size and geometries. The results are discussed in terms 
of specimen geometry and constraint efects on the CCG 
behaviour of P91 weldments at elevated temperatures. 
NOMENCLATURE 
a, a0 Crack length, initial crack length 
∆a Increment of crack growth 
B Specimen thickness 
Bn Net specimen thickness between side-grooves C* Steady state creep characterizing parameter 
D Material coeficient in a&correlation with C* 
E Elastic (Young’s) modulus 
E' Efective elastic modulus ( = E plane stress or 
E/(1- v2) for plane strain) 
H Geometry and material function in C* relation 
K Stress intensity factor 
n Power-law creep stress exponent 
P Load 
t, tf Time, test duration 
tT Transition time to widespread creep conditions v Poisson’s ratio 
W Specimen width 
a& Crack growth rate 
sa& Crack growth rate under steady state creep conditions 
η Geometry function in C* relation 
c∆& Component of displacement rate directly associated with the accumulation of creep strains 
i∆& Component of displacement rate directly associated with instantaneous (elastic and plastic) strains 
ie∆& Component of displacement rate directly associated with instantaneous elastic strains 
σ Stress 
φ Exponent in corelation of creep crack growth rate 
with C* 
T∆&  Total load line displacement rate 
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Appendix B 
 
Statistical Analysis of Steel Materials Creep Uniaxial Data 
(Input to BS 7910 – 2013) 
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    Long-term Short-term 
    
No. of Data Log(AA) SE AA nA SE nA SD ε No. of Data Log(AA) SE AA nA SE nA SD ε Material Temperature
Carbon 
steel 
400 67 -11.20 1.46 3.6 0.63 0.43 73 -21.51 3.65 8.0 1.44 0.76 
450 71 -10.94 1.18 4.0 0.55 0.50 48 -12.53 1.75 4.9 0.72 0.40 
500* 94 -11.63 1.06 4.7 0.50 0.78 - 
1Cr-1Mo-V 
450 48 -19.79 4.80 6.5 1.87 0.53 15 -57.00 25.66 20.8 9.51 1.16 
500 74 -28.39 2.83 10.4 1.17 0.50 41 -42.32 6.22 15.9 2.42 0.56 
550 82 -17.13 1.05 6.1 0.47 0.24 56 -30.18 2.69 11.8 1.11 0.41 
600 53 -7.12 0.74 2.1 0.40 0.30 63 -20.88 1.25 8.6 0.55 0.45 
650 18 -4.47 0.72 1.4 0.41 0.15 18 -9.35 0.90 4.0 0.43 0.13 
1.25Cr-
0.5Mo 
500 95 -10.92 0.91 3.5 0.41 0.40 86 -17.73 3.27 6.3 1.30 0.81 
550* 177 -13.33 0.36 5.4 0.17 0.47 - 
600 57 -7.82 0.55 3.1 0.34 0.20 66 -12.64 0.71 5.9 0.36 0.35 
650* 85 -8.42 0.32 4.3 0.19 0.23 - 
2.25Cr-1Mo 
450* 60 -24.62 2.83 8.8 1.11 0.78 - 
475* 19 -14.52 2.27 5.1 0.93 0.42 - 
500* 204 -17.49 0.86 6.6 0.38 0.77 - 
550* 210 -15.09 0.59 6.1 0.28 0.65 - 
600* 192 -11.64 0.31 5.2 0.17 0.40 - 
650* 102 -6.49 0.51 2.9 0.30 0.24 - 
P92 
550 - 8 -52.11 4.96 21.1 2.06 0.20 
600* 10 -35.62 3.33 15.1 1.49 0.29 - 
650* 12 -25.03 1.36 11.4 0.67 0.20 - 
700* 12 -17.02 0.69 8.5 0.38 0.18 - 
750 - 10 -9.81 0.81 5.5 0.54 0.24 
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    Long-term Short-term 
    
No. of Data Log(AA) SE AA nA SE nA SD ε No. of Data Log(AA) SE AA nA SE nA SD ε Material Temperature
SS 304 
500* 13 -28.12 1.94 10.5 0.79 0.26 - 
550* 15 -28.04 2.21 11.1 0.94 0.34 - 
600* 94 -21.25 1.20 8.5 0.54 0.61 - 
650 53 -11.94 1.14 4.5 0.60 0.32 34 -22.03 4.02 9.7 1.86 0.83 
700 45 -5.96 0.83 1.6 0.49 0.32 49 -20.59 0.97 9.7 0.49 0.36 
750 23 -9.05 1.12 3.8 0.67 0.22 22 -21.00 2.53 10.6 1.32 0.36 
800 - 11 -9.66 1.10 4.6 0.65 0.37 
SS 316 
550 5 -30.07 26.48 11.2 10.79 0.45 13 -48.86 12.22 18.6 4.79 0.38 
600 47 -18.00 2.73 7.0 1.28 0.36 90 -23.18 1.35 9.2 0.58 0.33 
650 44 -13.64 1.39 5.3 0.72 0.31 80 -18.61 0.71 7.9 0.32 0.32 
700 73 -9.03 0.90 3.4 0.53 0.40 109 -16.35 0.61 7.5 0.30 0.37 
750 52 -6.51 0.74 2.5 0.49 0.33 79 -13.81 0.86 6.8 0.47 0.43 
800* 65 -9.32 0.37 4.8 0.24 0.28 - 
Alloy 800 
600 30 -12.16 3.64 4.0 1.66 0.62 45 -25.62 3.08 9.9 1.26 0.67 
650* 7 -21.22 - 9.0 - - - 
700 32 -16.04 1.69 7.1 0.93 0.42 39 -19.94 1.86 9.0 0.88 0.50 
750 - 4 -24.70 - 11.8 - - 
800 33 -9.82 1.74 4.3 1.19 0.40 65 -14.52 1.06 7.4 0.60 0.53 
900* 84 -10.35 0.31 6.1 0.23 0.41 - 
1000* 56 -7.03 0.25 5.0 0.23 0.35 - 
 
  202  
    Long-term Short-term 
    
No. of Data Log(AA) SE AA nA SE nA SD ε No. of Data Log(AA) SE AA nA SE nA SD ε Material Temperature 
Grade 91 
(Average Creep Rate) 
450 10 -32.25 9.70 11.4 3.79 0.15 8 -101.55 21.11 38.4 8.08 0.45 
500 41 -36.40 3.88 13.8 1.57 0.43 - 
550 19 -17.53 3.85 6.4 1.70 0.22 14 -30.39 7.33 12.2 3.12 0.34 
600 13 -4.50 1.74 0.7 0.87 0.18 28 -24.12 2.02 10.4 0.94 0.30 
650 15 -8.11 2.06 2.9 1.18 0.35 22 -16.39 2.58 7.6 1.32 0.45 
700 12 -9.37 0.93 4.7 0.57 0.22 - 
Grade 91 Cross weld
(Average Creep Rate) 
550 - 6 -28.16 2.29 11.7 0.99 0.17 
600 - 5 -22.55 1.89 10.1 0.89 0.18 
650 - 5 -15.05 0.45 7.5 0.25 0.08 
Grade 91 
(Minimum Creep 
Rate) 
500 24 -38.42 7.35 13.5 3.00 0.55 - 
550 35 -39.95 2.20 15.0 0.95 0.32 - 
600 13 -13.82 1.81 3.8 0.91 0.19 28 -31.26 2.44 12.3 1.14 0.37 
650 7 -13.58 2.32 4.4 1.35 0.30 14 -16.83 3.60 6.3 1.83 0.52 
 
